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’ component and sub—
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6300 A optical emission and electron fluxes observed by ISIS 2.
Utilizing electron fluxes as the common link, is hoped that the end re-
sult will be an empirical relation between the poleward trough wall and
influences what modify its position.
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I. ION

The objectives of this contract are: (1) to relate the 6300 A

emissions as observed by the ISIS-2 scanning photoneter to the causa-

tive electron fluxes which are simultaneously observed by the ISIS-2

Soft Particle Spectioneter. The energy sub-region of the electron flux

which is primarily responsible for the 6300 A emissions will be delineated

to the accuracy available with the ISIS-2 instnmentation. It is hoped that

an enpirical relation can be derived that relates electron energy flux to

6300 A flux. (2) To compare the particle fluxes and 6300 A emissions (and

the conclusions derived in Item 1) with simultaneous electron density profiles

obtained by the ISIS-2 topside sounder . The basic goal of such a comparison

will be to ascertain if it is possible to infer gross characteristics of the

ionosphere (e.g. f0F2, plasma trough boundaries ) f rom 6300 A and particle

flux neasurenents. (3) To relate, where possible, the results Qbtained in

iten~ 1 and 2 to the dynamical effects produced by substorms. Specifically

st~~ will evaluate if it is possible to infer the nction of boundaries such as

the poleward edge of the l~~-altitude plasma trough fran indirect rreasurezrents.

(4) To analyze the simultaneous data obtained with ISIS-2 , the P~FCRL Air—

borne Ionospheric Laboratory, and the Defense r’~ terological Satellite System.

Again the goal will be to ascertain if ionospheric paraneters can be determined

by indirect neans .

This report represents the work accx*rplished during the first t~elve

nonths of a 39 rtonth contract. ?~bst of the ~~rk acconplished during the first

ts~ielve nonths was preparatory in nature. H~~~ver, item 3 of the objectives has

been brought to a reasonable conclusion.

V.
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II. !CCCtlPLISF~4ENFS

The ~~rk deal ing with item 3 relates the equatorward boundary >100 eV

electron precipitation to the IMF B~ component and substorm activity.

Electron spectrograms fran 351 passes of the ISIS 1 and 2 satellites were

utilized to study statistically the effects of the interpl anetary magnetic

f ield (IMF) , substorm activity , and the earth1s dipole tilt angle on the

latitude of the equatorward boundary of the riightside (2000—0400 magnetic local

time) auroral oval . The boundary location (in invariant latitude) at hourly

local ti~ue intervals was identified in terms of the equatorward boundary of

the diffuse , >100 eV electron precipitation . The following characteristics were

S 
noted : (1) The nor th—south component (Be) of the IMF plays the dominant

role in contrelling the motion of this boundary. The invariant latitude of the

boundary is shown to shift by appr ox imately 4° dc~~riding on the direction of

the IMF (northward and southward , respectively) relative tc its position

S corresponding to B~ = 0. This indicates an inward motion of the associated

boundary in the magnetotail by about 5 earth radii  when the IMF changes its

direction from northward to southward with large magnitude. There is a

significant difference in the amount of the shift between the evening and

morning sectors, i.e., for the same decrease in B~ value , the boundary moves

more equatorward in the morning sector than in the evening sector . When the

obtained oval particle boundary is projected onto the equatorial plane of the

magnetotail along magnetic field lines, a good agreement was found between the

projected boundary and the dr i f t  boundary (the Al fven layer) of low energy

1*
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electrons in the presence of the dawn-dusk electric field. Thus, this agreement

g ives new evidence showing that the diffuse auroral particles originate near or

at the inner boundary of the pla~ na sheet. (2) Substorm activity seems to have

a separate role in determining the latitude of the equatorward boundary of the

nightside auroral precipitation region. The boundary during substorm periods

is statistically found to be 2 — 3° lower in invariant latitude than that during

qu iet times. Even a simple classification into quiet aix] disturbed conditions

improves the accuracy with which the auroral oval location can be inferred .

By combining the IMF effect and the substorin effect , it is indicated that the

boundary is located at the lowest latitudes when a substorm takes place dur ing S

a southward IMF with large magnitude, whereas it is located in the highest

latitudes when the IMP has a northward component during quiet t imes. (3)

The equatorward boundary of the nightside auroral oval is located in higher

latitudes in the winter hemisphere than in the summer hemisphere , al tho~~h this

earth’s dipole tilt effect is usually smaller than the effects of the IMP and

substorm activity. These phenomenalogical relationships , in conjunction with

papers in preparation relating the optical aix] ionospheric manifestation of >100

electrons, will allow items 1 aix] 2 to be tied into dynamical effects.

Items 1 aix] 2 of the objectives involve data fran more than one ISIS 2

instru~ient. . In order to adequately compare the different data sets common

data formats are needed. In particular , computer manipulable media are needed .

Unfortunately, no such common data set exists for any ISIS instnmierits. Each

ISIS experimenter received dig ital or ar~al og tapes which contained only his 
S

data . Thus we have had to create a common data base. We have chosen magnetic

tapes as a med iun . Figure 1 is an example of computer merged particle aix]

.-~~~ —~~~~~~~~~~~~~~~ ~~S- —~~~ S - - -~~~ S S



--~~~

-6-

6300 A data . The top trace of Figure 1 gives the pitch angle corresponding to

each measurement (00 represents precipitation) . The next four panels give the

electron directional energy flux (ergs om 2 ster~~ sec) for four selectable

energy ranges. In this case the energy ranges are , from top to bottom 0 to 60

60 to 300 , 300 to 1000 , and 1000 to 15000 eV. The bottom trace g ives the

narrow band (10 A) 6300 A data . It can be seen that there is good morphological

agreement between the 6300 A emission and the low—energy (<1 key) electrons. S

It should be noted that this format represents a quick—loo k presentation for

visual inspection of the collective data set.

The next step in the 6300 A electron flux comparison will involve the

derivation of an empirical relationship between 6300 A intensities and electron

energy flux in selected energy bands. A multivariate analysis will be performed

on the t~~ data sets. The aforementioned computer generated plots will be

utilized in selecting data sets for comparison.

I)irir~g the past year programs were written to prod uce computer generated

contour plots of 6300, 5577 , and 3914 ~ fran the ISIS 2 scanner data on micro-

film. Figure 2 a to d shows an example of the presentation for ISI-3 2 orbit

13101. Figure 2a shows the 6300 A contours , 2b the 5577 A contours , and 2c

the 3914 A contours. Figure 2d lists the spin number from start of data ,

universal time, and invarian t latitude. Ninety—five passes have been processed

and are being readied for submission to the ~~r1d Data Center .

- .
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The following personnel contributed to the ~~rk performed dur ing the

period covered by this report ,

Dr 3. David Wirtningham

Dr. Walter 3. Heikki].a

Dr. Gordon G. Shepherd

IV. RELATED C(]ffRACTS

S - All publications covered by this specific contract are attached to this
C- report as section V. The most relevant related contract to the present

contract is F 19628—75—C—0032 . F 19628—75--C—0032 is the ininediate predecessor

to F19628—76—C—005.
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Simultaneous Observations of Discrete and Diffuse Auroras
by the Isis 2 Satellite and Airborne Ins t ruments
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A ll-sk y camera and photometric data were obta ined h~ ai rborne instrumentat i on ss a function ii)

latitude and lime during the course of an auroral substorm During the suhsto rnt rec ose r ~ phase the Isis 2
satell i te passed w ith in  60 knt of the aircraft ,enith. the discrete and diff use j urisral regions were identif ied
from the airborne al I- sk/  canierj data Satel l i te and photometr ic obsers at ions of the co rrespondmg
incoming particles led to the f o l l o w i n g conc lusions~ (T he diffuse and the discrete aurora s seeii itt the all-
s ky camera data correspond to the tw o  different part icle precipitat ion regions sihsersed front satel l i t c i  •in d
referred to as CPS and BPS , res peci tsel s (Winnt ng ham et al • 975) ( 2 1  The diffuse auroral region is

ass ociated w i th  hig h-energs stabl y trapped energetic electrons , an d Ole discrete aurora is pss lew ard iii the
stable electron trapping boundary ( 3 )  The lati tudinal distribut ion of chara cter ist ic  pa rt icle et ierg ies docs
not change in a relatise se nse during the piileward espansiisn . but eSpaiids accordionlike (4) The height-
integrated intensity ratsi of the red (h3(Xl -~ to green ( 5577 A )  emission s of atomic ~issge n is -i good
indicator of the character ist ic  energy of the incoming particle spectrum

5— IsTRonLcTuos headed first in the anttp a ra l lel direction to the es pected Isis 2

S The auroral scanners aboard the Isis 2 and I)NISP satellites trajectory (0857—1 030 UT) and then f lew parallel to the tra-
have identified at least t w o  tspcs of auroras , t he discrete and j ector y between 1030 and 111 0 UT. The satel l t te  passed nea rest
dif fuse auroras [Lul and -1 nger , 1973 : Snrderet al, . 974; L u/ e l  to he atr c raft  between 1104 and 1105 UT.
a!., 1975) . It is thus of great interest to examine the corre- The aurora was very quiet untt l  about 0930 I T and became
sponding features in the pattern of preci pitation of auroral quite act ive afterwards (see Ftgure 21. Several surges were
particles . The precip itation patterns of auroral electrons along observed between 0930 and 1010 UT . and an tntense polew ard
magnet ic meridian lines have been studied by Frank andAck-  motton began at about 1020 UT. A t  that time the a t rc ra f l  w a s
erson [ 197 1] , Hoffman and Bure h [1973] . Deehr et a! [ 1973 ) . flytng poleward , hut the auroral motton ov ertook the aircr af t
and most recentl y by Winnt ’ngha,n et a!. [197 5) . In general , the at about 1023 UT and went far poleward of it by 1030 t i . at

5 latitudinal profiles have suggested that one can distinguish at w hich time the aircraft turned equatorward. The satel l i te
least two preci pitation regions. W inn ing ham et al. refe r to passed the nearest potnt to the aircraft when the aircraf t  was

S these as the BPS (boundary plasma sheet) and CPS (central located approximatel y on the boundary between the diffuse
plasma sheet) reg ions , corres ponding to the reg ions ofd iscrete an d discrete auroral regions (70.0°N geograp hic lat i tude.
an d diffuse auroras , respectivel y . The ‘inverted V’ structure 166.0°W geogra phic longitude). This can he seen mitre clearl y

• [Frank and A i-kerson . 197 1] and ‘lambda structures ’ [Sharber in the all-sky photograph shown on the left-hand side of
and Heikki/a, 19721 are usually embedded in the BPS reg ion. Figure 3.

S In order to examine relationships between the precip itation In the all-sk y photograph lI- igure 3) we can easil y dts~in.

pattern of auroral electrons and the two aurora ) regions a gutsh two t~ pes of aurora , i.e.. t he brighter aurora  poleward of
s imultaneous observation , from above by the Isis 2 satellite the aircra ft and the other less bright aurora . equato rwa rij  iif it.
and from below h~ the NASA 7 11  jet aircraft , was  conducted Although almost no structure can he seen in the pokward
over t he -\r c tj c Ocean on October 10 . 1972 The purpose of aurora (because of the saturation of the hIm) .  some folds or

t his paper is to report some of the results of these observations , wav y shapes are apparent near the western ttori,on , indicating
ra yed structure. Thus it is reasonable to ident i f y  the polewa rd

OBsFR v STt i isA i  Ci~ ui~ is t ss i  Fs aurora as a discrete aurora; in fact , it was t he arc wh ich

Figure I shows both the satell ite trajectory and the aircraft advanced polew ard at about 1020 UT. On the other hand, the
pat h, toget her with the AL ’  and AL indices during the period equatorward aurora has a much mitre untform and diffuse

• of interest. Instead of projecting the satellite trajectory radially luminostt~ and could therefore he identified a’. a di ffuse au-
down to the earth’ s sur face , it ts projected along the geomag- rora.
netic field lines, to an altitude of 11 0km . at w hich most of the The sate llite traversed the auroral region between 1103 anL

precipitating electrons of the observed average energy are 1107 UT , which was during the reco ser y phase of t he suhstorrt i
stopped. Over thc Arctic Ocean, ofl’ Barrow , the aircraft (a 200- ’y negative hay at College; see Figure I, hold line ) The

sate llite path (again projected along the geomagnetic tield lines
to an altitude of 1 10 k m )  is plotted every l O s  from 1103 20 to

CopyrIg ht® t976h y the America n Geophysical Union. 1106:00 UT on the all-sky photograph (Figure 3) ‘l’he circled
5527 
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Fig. I. A map of the Alaskan sector showing the route of the airp lane (solid line) and that of the satellite (dashed line).
labeled in unise rsa l time. Shown also are the A L ’  and AL magnet ic indices consisting of the ens’elope of auroral region H
component magneto grams . The College magnetometer is shown as a heavier line.

dot indicates t he point where the projected latitude of the The energy spectrum of auroral primary electrons can often
sate llite is 70 .0°N , which is also the latitude of the zenith ofthe be described by an equat ion of a Maxwe llian ty pe: 5 ( E )  dE =

all’s ky photograph. The longitudes of the zenith and the cir- NuE exp ( — E / o )  el cm 2 I eV ~, w here is (= kT ,)  is the
c’led dot are different by approx imatel y 60 km. ‘c haracteristic energy.’ or t he energy at the peak of the distri-

The soft partIcle spectrometer (SPS) spectrogram for this bution. As can be seen in Figures 4e—4/t . the high-encrg~ end o f
p.iss is shown on the right-hand side of Figure 3; for details of the spectrum in the diffuse auroral region ts well described hs a
the spectrogram , see Winning ham et a!. [1975) . The satellite Maxwe llian distribution , but t he low-energy portion is best
crosse d the poleward edge of t he auroral prec ipitation at described by a power law . An exce ption to the low-energ~
1103:3 1 UT and the equatorward edge at 1 106:28 UT. power law was observed in spectrum 4g. This spectrum was

In the spectrogram we can also recognize two types of the taken from the low-energy burst observed in the spectrogram
—~ part icle precipitation . poleward and equatorward of approxi- (Figure 3) at approximatel y 1105 :30 UT. The low-energy burst

mute ly 70°N geographic latitude. The poleward precipitation cannot be described by a Maxwe lltan distribution either , the
sh ows a considerable structure and has an intense flux and observed spectrum being narrower than .i Maxwe l l tan.  This
higher average energy, w hile the equatorward one shows al- low-energy burst const itutes only a minor frac iton of the total
most no structure (except for a very low energy burst around energy flux and thus does not contribute significantl y to t heS 110 5:40 UT) and has a weaker flux and a lower average auroral luminosity.
energy. Thus these two regions correspond to the BPS and The characteristic energy of the electron spectra in the dif-
CPS . respectively [ Winninghattn et a!.. l975J. It can be seen that fuse zone graduall y increased from 0,9 keV as the invariant
t he aircraf l was located near the boundary between t he two latitude decreased. A max imum of I keV was reached at
precip itation reg ions during the satellite pass. 1105:50 UT (.t = 63.9° ) after which time it gradually de-

C . creased to 0.6 keV (Figures 4e—4h). The power law- portion (at
S’A T f I .i. IT F Osst~RvAT IoNs low energ ies) of the observed spectra could be due to con~

The low-energy ( < IS  keV) electron data obtained by Isis 2 jugate degraded primaries and secondaries .
(se e Figure 3) can be regarded as a ‘sna pshot ’ of the hate The structured auroral region exhibits a variety of spectra ,
substorm electron latitudinal profile. As mentioned in the some of which are described by a Maxwell ian curve (Figures
previous section , two distinctivel y different regions can be 4a and 4d) and others which are not (Figures 4h and 4c)
recognized in the spectrogram. From 1103:23 UT (.~ 

= 70.8°) Spectrum 4a was obtained in the region Just poleward of the
to 1104 :32 UT (.t = 67 .6°) a band of structured intense intense bursts. Spectra 4b and 4c were obtained in the region of
e lectron flux was observed. At lower latitudes from 1104:32 to intense bursts and highest average energy. Spectrum 4d was
1106:28 UT (,t = 62 .3°) a relatively uniform weaker eleclron observed just equahorward of the most intense bursts and is
flux was measured. In Figures 4a—4d. spectra representative of Maxwe llian in shape except for t P~e low-energy region, which is
t he structured region are presented. as is done for the diffuse power law . Its characteristic energy (1 .4 keV ) is higher and its
precipitation in Figures 4e—4#t . tota l energy input is greater than those observed in the diffuse
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October 10 , 1972 UT
Fig. 2. A collection of all-sk y camera photographs taken from the NASA 990 aircraft during the flight iii (X’tobcr Ill.

4 19 72, The substorm begins u s e r  the aircraft at 0930 and expands poleward (up) with the aircraft until the aircraft t u rn s
equatorward at 1030. flying under the diffuse aurora to the end of the flight (geomagnetic north is up and cast is t i n th e
rig ht).

region (Figures 4e—4~i) .  Energy fluxes as large ,is 2oergs cm ‘sr were observed , If
The spectra shown in Figures 4h and 4c cannot be hitted with isotropy is assumed , t his flux would produce 100 kR of S577

a Maxwe llian distribution. These spectra can he better charac- A . enough to saturate the all-sk y film , as observed ,
terized as ‘peaked’ (or ‘monoenergetic ’ if count rate were Data (courtes y of J. R. Burrows) from severa l channels of
plotted). ‘Peaks ’ in the s pectra occur from I to 4 keV the energetic particle detector (EPD) are presented in Figure S
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5 1 1 : 0 3 : 3 1  ( 73 .1 )

1 1. 04 : 3 8  ( 70.0°)

110 KM 11:05:49 1 66.7 )

150 KM 
5 

11:06 :07 ( 65.8 )

- 
. . 180 KM 11 :06 : 23  1 650 )

1104 UT 11:06:28 ( 6 4 9 ° )

NA SA 7 11

L_.~..___i 1  i -
ISIS-2

October tO , 1972
Fig. 3. An all-sky camera photograph corresponding to the closest t ime of passage of the satellite with the aircraft The

pat h of the sate l l ite is projected ‘ nwnwa rd along magnetic f ield lines to the 110-km altitude and shown .is dots on the
photograp h. The times at which the satell ite passes various poitit s on the photograph are indicated by a r r i sw s . a long w i t h
the assume d height of the auror a The southern edge of the particle data corresponds to an auroral altitude of 150—IglI km .
w hich is consistent with the ch , ir , ic terist ic energy of ihe particles detected at the sat e ll i te (see tex t )

As in the lower-energy data , a change was observed in tt~e indicated by a black arrow - in Figure 3. (Hereafter the satel l ite
EPD fluxes at approximately 1104-30 UI Equatorw ard of this location will be the projection to 110 km along the magnetic
point a twice per spin modulated flux with deep minima in h eld.) It can be seen (Figure 3) that except for a \ e r s  narrow

- ‘
~ bot h hemispheres was observed. The ‘200-k eV stable trap- (in latitude) region of soft (average energy less than I keV )

ping boundary was located at thi s poInt (Figure Sf) .  Polcward particle precip itation , t he poleward edge of the structu red
of this boundary the energetic flux softened considerably (see precipitation region coincides with the poleward boundary u s )

Figures 5a and Sb for the ratios of the ‘22-  to >40—keV and the auroral luminosily. in spite ,of i ts  large zenith angle (about
‘~40- to 60-key fluxes ) and became structured. It should he 76°) in the all-sky photograph. The soft particles precipitating
noted here that the ‘softening’ of the high-energy flux is re- just poleward of the discrete aurora might have caused an
flected as an inctease of the characteristic energy of the d cc- appreciable luminosity. However , because the average energy
trons measured with the SPS is low (see Figure 4a), the height of thts luminosity must have

been higher than 110 km. so that it was likely to be located
AI.I..SKYC-AM FRA OflsERVAT I0SJ5 ‘behind’ the bright aurora ,

The intersection between the poleward edge of the auroral lithe heights of the equatorward edge of the diffuse aurora
luminosity and th~ satellite trajectory projected to 110 km is are assumed to be 110 , 150, and 180 km . t he equatorward

_
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houndary of the diffuse aurora on the all-sky photograp h can .A NC emiss ion rn~t .  he ,i better ntc .is urC ii )  ihc t o t a l  i i nh i /a t tsut i
he compared in Figure 3 with that of the diffuse precipitation that i thc grecti line, hut it cou ld t h u  he used in the present
region on the spectrogram. Fhe point of intersection between stud y because t he phiitotnete r is not hi t te . i r ly s e i i s t t isC to citiis-
t he equatorward edge of t he auroral luminosity and the satel- siot is of spectral w id th  grcal cr th~iti 6
hite path pro)ec tcd down to 1 10- , ISO- , atid 180- km heights is Lather and Mende 119721 plotted (i3(X) A 427 k S sc rs us
shown wi t h the whit e arrow head, star mar k, and triang le. 4278-A emissIon as a measure of incomtt lg par t i c le  ene rg~ for
respective ly. If t he height of the diffuse aurora is assumed to be a number of similar a i rcra f t  exc ursions au_ r uss the aiir isr.i l /su t t e
110 km . the particle and optical boundaries do not cotncidc atid found that s t a t is t i ca l l y  the low er -c nc rg~ pa rt ic les ,itid thus
(geograp hic latitude 66.7° from the all-sk y photograp h and the resulting higher 63(X ) A 427h A Cfl t iss t i )f l  rat io were found
64 .9° from the spectrogram), and thus the precipitation on the poleward side of the nig htside ,iuriira) prec ipi l .t i isl t t
boundary is located at a lower latitude by approx imatel y 2° . If zone [see also Mende and Eather . l 97S~. h owe v e r , t his iv not
t he height is .issumed to be 180 km . t hey almost coincide with a lways the case , and at t imes lower chara c terist ic energies
eac h other (at approximatel y latitude 65.0° ). The energy of could he found at lower la t i tudes and higher at hig her l it!-
electrons must have been near 600 eV to h~ve caused a max- tudes . l’or exam p le . t he latitudinal distr ibution of u_ ha r .ictc r-
mum ionization at 18 0-km altitude. Int~ ed, suc h a value is istic energy’ flay depend on suhstorm ti me (see Winning / toni c:

approximatel y that of the observed characteristic energy of the al. . I 975( .
partic les on the equatorward edge of t i e  precipitation region Figure 6 shows the observed intensity of 6300- and 5577- A
(see F igure 4h). emissions along with the 6300 A/5577 A ratio usa function of

-Snot her effect which must be accounted for here is that the time throughout the flight. Five areas of different auroral
actua l equatorward edge of the diffuse aurora must have been character are indicated in the fi gure accor ding to Table I -

hidden by the lower-altitude part of the diffuse aurora. In fact , The wide variations of the 6300 A/5577 A intensity ratio
t he equatorw aro edge of the diffuse aurora , determ ined by ( Figure 6. area 2) are due mostly to viewing the upper and
assuming a 110- km height , corresponds to the point of the lower hordcrs of moving discrete arcs , w hich is another in-
highest average energy (approximately 2 keV ) in the diffuse dication of the dependence of this ratio on the altitude of the
precipitation region (at 1105:49 UT; 66.7° geographic latitude , emitt ing reg ion . The diffuse aurora (Figure 6. area 4). on the
or see Figure 4/). As was mentioned earlier , t he average energy other hand , shows a remarkabl y stea dy relationship between
of t he particles gradually decreased equatorward of this point , the two emissions . Plotting the 6300 A/5577-A ratio as a
and t herefore the height of the luminosity must have increased function of the 5577-A intensity (Figure 7) shows , as is gener-
(Figure 4h). These effects combine to produce the apparent all y known , t hat the brighter the aurora . t he more energetic
discrepancy between t he edges of the precip itation region and the irtcomtrsg particles (see next paragraph). Thus all-sk y earn -
luminosity determined from an all-sky camera in the middle of era pictures can , in genera l. he a good qua l i ta t ive indicator of
t his region . t he characteristic energy of the incoming particles: the pho-

The diffuse aurora observed by the satellite during this late tometers can, how ever , provide a qua nt i ta t i v e  odes of the
su bstorm recovery was the result of the precipitation of Max- incoming particle energy .
we lltan electrons , most likely from the inner portion of the The inte nsi t ’ s rat io predi cted by Ri ’e.’s and !.ui -A t ’i  ( 1974) is
plasma sheet (CPS). shown by solid lines in Figure 7 . Bec ause these cur ses are

based on t he predicted inten s ity of427 b- ’\ NC ’ i N(i emission .
Ph oToMETRIc OBSERVATt 0~’.S a conversion to 5577-A cmi’.- on was made from 1-i gure 4 of

A 6- in, aperture birefringent filter photometer with a 5° full Ree.x and Lueke~’s (1974 1 work.  W hat is show n here is that the
field of view directed toward the zenith was mounted on the characteristic energy n of the incoming electrons saried he-
aircraft . This photometer (described by Deehr (1969]) is of a tween approximatel y 0.2 and 6 keV during the airp lat ie flight.

- . type which continuousl y subtracts the observed back ground In terms of substorm events this may he summar tied in the
cont inuum emission signal from narrow discontinuiti cs on the following way:

- t emission continuum. It is therefore most usefu l for observing I. The initial poleward expanding arc is of low ch , i r , iu_ te r .
t he intensity of atomic emission lines , and for the presenl study ist ic energy.
t hese lines were the red and green lines of neutral atomic 2. The bright , discrete polcwa rd arcs immediately fol low -

oxygen at 6300 and 5577 A , respectivel y. ing the poleward expansion are associated wi th electrons m l
The usefulness of these auroral emission lines for determin- relativel y high characteristic energy

ing the characteristic energy of the incoming particle popu- 3. The diffuse aurora (after the poleward esp.insiots } h,is .i

lation has been shown by several workers , most recent ly by lower energy characteristic than the bright poleward cv-
Rees and Lackey (1974( . Both emissions originate from low , panding arc.
metasta ble energy levels of neutral atomic oxygen. hut the Imp licit in this result is the support of the Rees and I uckey
li fetime of the 6300-A line is considerabl y longer ( 110 versus model ft)r the particle-emission relationship. Indeed , t he char-
0 75 s), Si) this level is collisionally depopulated at a far greater acleristic energies determined by the photuimetric dat. i in I ig-
rate at low aurora l altitudes. Because hoth emissions are pre- ure 7 for each t~ pe of aurora match very we ll  the mn hs c rs ed
dominant ly excited by secon dary electrons w hose energy spec- particle energy as listed in the last tw o columns ci I able I
trum is . in turn , determined by t he char a cter ist ics of the in- Alth o ug h the agreement is no hetter than the .issui .ption lh.itr coming primary electrons and because the primary electrons the intensit y cal ibration (comparison wi th  groun d-based phmi-
are deposited in ’ a ltitude inversel y according to energy (cf lometer s) is wi th in 50’t and that the fluctuations are due to
Ree.;. 19691. t he ratio of lhe intensities of these t~~() lines (6300 departure from total heig ht inlegr.itton of the emiss ion
A. 5577 A i is .i good measure of the characteristic energy of ts  mentioned earlier , t he particle data from the sat e l l i te
t he incoming primaries. pass shown in Figure 3 may he regarded as .i late ‘ubsto rm

The intensity of the N,’ first negati ve group is directl y snaps hot of the latitudinal distribution of auroral precipit.itio n
related to 5577-A emiss ion [Rees and Lui-krv, 19741. The 427 8- ,is recoristrucle d from the photometric data . In other word s , at 

-
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Fig. 6. The zenith intensity of the red (6300 A)and green (5577 A)
lines of atomic oxygen are shown as open and solid circles. respec-

I2 iE 5 .22$ .V i ~~ Ic) tively. as a function of univer~~I time during the NASA 990 aircraft
flight of October 10. 1972. The intensity ratio is the solid line. The
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areas covering different auroral features are indicated and exp lained in
POLAR c*p Table I.
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not covered by this generalization is the early equatorward
(difl’usc ) aurora (Figure 4h), w hich was equatorward of the

LOWER HEMISPHESIE
LOSS CONE airplane throughout the flight.

Anot her feature of interest is the appearance in Figures 3

i• i(~ ‘4OSsYi I0~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

and 4d ofa large flux of low-cnergyelec trons near 1105:36 UT.
Al though this spectrum indicates an increase of more than a

le) factor of 10 in total numbe r flux , the contribution to the total- ~O5($U,GI energy flux is almost nothing. The feature is therefore not
~o ornesv PSICIPITATION visible on the all-sk y camera photograph.SPECIeu TATIIJI

-eps i

200 6.9 Ii
SUMMA RYTRAPPING SOUNOA~~~ 

~~ 
All-sky came ra and photometric data were obtained from a‘i~I~’.t~ilj iE,’XOOI. v i  i0~ ~ . U.. ~. .

jet aircraft as a function of latitude during the course of an
auroral substorm. Late in the substorm . near magnet ic mid-

ml? 1100 01 02 03 04 09 06 0? 01
ISV LATT S I il ~~ 743 it 7 DO 653 635 607 579 night , the Isis 2 sate1~ te passed near the zenith of the aircraft

MLT XO 4 2 I O  Xi 5 Xi 22 3 2 2 9  2 25  229  23 i
on a nort h-south orbit. The position of the discrete and the

I u~ I nergei c particle detector ~I- (‘I)) d.ut~ front Is i s  2 s,utelliie diffuse auroral regions was determined from the all-sk y cam-
pa’.’. 7Ii’~ P.irallcl and perpendi~ular m.ur ~.iIugs icier t m) detector lin en- era data and compared to the particle da ta taken by the
i,ition w i t h  respect ill ‘.d iellli c spi ll axis ho urt esy of J R. P’j r rows i . salellite. Additionally, t he ratio of the red (6300 A) and green

(5577 A)  emission lines of atomic oxygen, as a measure of the
t he time of the sate llite pJss !.,1~ in the suhstorm , t he Iatilu- in ’omin g particle energy, was com pared to the par t icle energy
dina l distribution of characteristic en-~rgy determine.~ ~rom thr determined from the satellite and to the type of aurora seen on
par! ide data w as remarkabl y simtlar to t hat encountered dui - the all-sk y camera.
ing t he course of (he substorm front the aircraft according to The results of these intercomparisons are as follows:
t he photometric observations. Thus the relative latitudinal I. The diffuse and the discrete auroras seen in the all-sky
distributton of partic le energy remained roughly the same and camera data correspond to the two different particle preeipt.
appeared to expand JLu,ordionhikc with the polessard expan- tation regions observed from salelliles and referred to as CPS
StOfl It t hC substorm The only region in su bstorm space-time and BPS, respect ively Winninghom ci a!. . 1975).

1 \bI.I I (haracl er uul  A urora in the Five A reas Shown in Figure 6

Character istic InergvI .it ittj dc ________________________

A r ea ( i t . hu , i -  kg Type of Aurora Isis 2 Figure 7

I (
~~( f’— ()923 !u7 initial poleward expansion arc 200eV (Fig. 4a) 200—600eV
0925—0938 (5

2 (# 923— 0928 (7 bright discrete poleward arcs ‘2  keV (non- 4 keV
Maxwellian see
Figs. 4h , 4 -S1J94c—l0 14 ( u9_ 7 5

1020-1040 “2 5_ 7 5
1040-1110 “1-69 between dittuse and discrete 900 eV (Fig 4e I <1.6 keV

aurora

4 1115 —12 (R) 69—65 diffuse equatorward aurora I key (Fig 4J) <2 keV
5 0940—0945 69 dark sk y polewar d of aurora

If)l~~-I020 72 — 72

TI



Figure 2a

~~~~ nT~ 
‘

~~~~~~~~ - i ~-~~~ - ~
—22—

I)i I lii i i  si l)usi ci i t  s’si, I )i i iu  si -Si Kuuil ss t-lii isi - S u l u  X V I  t

Ri-I i- Kt ’ sl i-S
, Deehr , C S - I he tw i l ig ht en hancement It the aur u~r . I  and nebular

0 AR IA lines ol ne utral .i t muuu uic usygen . .4nn (,i’op h l - .I - 2$ . 58 1 . 969

~O 3 l)eehr . C S - -\ 1 getand. K Aars nes . R ,-\mundsen . It k I indalen .
- o t S~ raas . P. Stanning . H Borg. (i (~ us iaiss un . 1 -.5 })mulrng ren .

- 
V. Riedler , P ~ Smit h, G R Tho m as . and R . J,ics~hke . Particle451 A 5 a-u i A 3 

• 
6 

and aun iral ohse rsat iof ls frmum the Esro I A urorac satel l i te . J.
- , • .lImo.m icr, Phiu - .15 , 1979-2 0(1 . 197 .5 t

16 ~ ~A5E A ~ l ath er . K II - and S B Mend,. h i g h latitude particle precipitat ion
and source reg mlns in the magnet usphere . in Magnetosphere-J uno-

-~ /.i 
a 4 . 

AR E A  .phm-re Iniera iuu,nm . edited by K t- usl kesi ad . Scandinas ian Un ise r-
s uty Books , Oslo . Norw ay, 1972 .

- 
10 - 

- Frank , 1.. A - and K I. Ackerson , Obser’aiions iii charged piriicle
prec iputa iton in the auroral / ine . J ~,eophi I Rn - ‘ci 361 2 , 197 1

Hoffman . K . ‘S - and J 1 .. Bunch . Electron presi p i ra i lm in pat terns and
substorm morphology. J . ~eophii Ri’.I - ‘5 . 266~ . I S - I

-‘ ,
~~,.,t  __________________________________________ I at . A 1. Y., and C. I) Anger . -S uniform belt of dutfusc .uur ur .u l

o io emission seen hu the Is is-2 scanning photometer . Planet Spu r S i  -5577 A Ernuss on Role I SRI 21 799. 1973 
-

lu g  7 The 6300 i / 5577 .~ intensity ratio as -i iunctton of the I.uu . A. 1. Y.. C’ . D. Anger . I) Senkatesan . W S.iss s~huck . and S - l
5~”- .-\ emission rate The solid lines indicate the sa lues predicted by A kasofu . The topology of the .uuroral s is a l  as seen hs the Isis 2
Ree~ and Lum -A ei - 11974 1 . The data points are separated as.co rding to scanning auror a l phoimumeter . J (.im-op h u Reu 5( 5 

~~~~ IS ’S
the areas det uned in figure h and Table I. Slende. S. . B.. and K . H. Father . Spe c i r usc upic detern r una t uu , n ut he

c haracteristics of precipitating auroral particles . J &i-uuphu Ri’u
90. 32 11 . 197$

2 . The diffuse aurora) region is associated with stably Rem . M H - 1-i lect s of b r .  energy electron precupitai t m un u n  the upruci

trapped energetic particles , and the discrete aurora is poleward atmosphere, in The Polar ionosp here and Magnloullp heri Prus I I I

of the stable trapping boundary. edited by G Sko sti . Gordon and Breach . Ness S mirk . l S I ~
- ‘ - - - - Rees . M. H.. and D. Luckey. .-\uroral electron energy deru se d t r i m3. The latitudinal distribution of characteristic particle ratio of spectroscopic emissions . I. Model compu ia tu uur s  J

energies does not change in a relative sense during the pole- Geophy.m Re.i - 79 . 51 8 1 .  1974 .
ward expansion hut expands accordion luke. Sharher , J. R.. and W . 3. Heikki la . Fermi acce lera t t mu n of auroral

4. The height-integrated intensity ratio of the red (6300 A )  particles , J Geuuphi- .i. Res - 77 . 3397 . 972
- - - - Snyder, A. L.. S - I  -Skasofu . and T N Dasts . -‘surora l suhsiuurm.,to green (5 577 A )  emissions of atomic oxygen is a good in- observed from a bove the north polar region hs a sate ll i te . J

dicator of the characteristic energy of the incoming particle Geoph;-s . Re.s - 79 , 393. 1974 .
spectrum. V. inning ham . J. 0.. I- Yasuhara . S - I  Ak asofu . and V. I I)e ikk i la .

The latitudinal morphology of tO-e V to lO-k eV electnu,n (luses
.le llnowledgmenil The UTD portion of this work w a s  supported during magneiica lly quiet and disturbed times in the 2 l ( X i - i t i iN i

by NASA giants NGR44.004- lS() and NSG 4085 and U.S. Air  Force MET sector . J. Geop h . u R es - ‘2. 31 4 6 . l9~ 5
contr acts F19628- ’$.C-0032 and F t9628-76-C-0005 . The Uni s ers uty of
-S las ka portion was supported by NSF grant ATM 74-2 3832A 01 and
\ - S S ..\ grant NGRO2-(XJ I-093

The Editor thanks I B McDiarmid for hi. assistance in evaluating (Received February IS . IS’S .
thus paper accepted Jul y- 28 . 1976 I

I
I-
5 . 



Figure 2b

•—
- 

~~T ~~T~~:’gr l i T  _ _  s . -- - ~~~~~~~~~~~~ - -~~~~~~~~

—23—

SO L S I ,  NI>  14 J O U R N A L  OF GEOP HYSICAL RESEARCH DECF M BI  K . 976

The Topside Magnetospher ic Cleft Ionosp here Observed
From the Isis 2 Spacecraft

G. G. SHFPHE RD .’ J. H. WH ITT FKER ,2 J. D. W INNINGUAM.3 J. H. HOFFMAN ,3 F. J. MAt ER ,4

L. H. BRACE ,4 J. R. Buggows ,n ANt) 1. L. COGGER 5

Data from the Isis 2 spacecraft for live orbits in November 197 1 are examined in detail . The spacecraft
was then in cartwheel conliguration . permitting detailed angular and spectral measurements of charged
particle fluxes (F > S eV I. local ion densities and temperatures , local electron densities and temperature s .
F region peak electron densities , and 6300- and 5577-A emissions accuratel y located at the field line foot.
In the November 9 and 10 orbits , highly structured regions of electron flux having average energies of
—0. 7 and -0.2 key are observed. The 0 density 41 the t 400-km spacecraft attitude generally reflects the
electron preci pitation , disappearing rapidly at the poleward boundary with He’ becoming dominant in
the polar cap. Throughout this region of enhanced 0’ densities . strong polar wind flows of H’ are
observed. The electron densities obtained with the topside sounder are sometimes higher than the ton
densities , this is in part due to the structured nature of the cleft region, but other indirect plasma processes
may also be involved The ion temperatur e is about 2000°K inside the cleft and risen to about S000VK at
the poleward cleft boundary. The F region peak density shows some structure but no uniquely identifiable
cleft response, and the optical emissions generall y show a multiple peaked structure , normally with the
lowest red/green ratio in the equatorward components . The November 17 and 18 orbits differ in that the
electron spectrum precipitation energies are closer to tOO eV , are less structured , and are disp laced to
higher invariant latitude . The 0’ densities are higher , w hile the light ions are little changed, and 0 is
observed polessard of the precip itation reg ion. implying strong convection perpendicular to the auroral
oval. The optical red/green ratio is higher for these orbits. A tentative exp lanation for the different
behavior is the passage of a sector boundary between these two dates with the interp lanetary field
direction changing from ‘away ’ to ‘towa rd.’

INT RODUc’riON The Isis 2 spacecraft offers an opportunity to measure the
The existence of dayside aurora and the continuily of the cleft part icle fluxes and ionospheric response at 1400 km as

auroral oval have been known for some time [Feldstein , 1963]. well as topside electron density profiles and F region peak
Studies of the polar cap ionosphere had revealed topside den- densities . The optical emissions at 6300, 5577 , and 3914 A can

sity enhancements attributable to particle energy input on the also be detected wit h the on-board photometers. This paper
earth’ s dayside [Nishida, 1967; Solo and Cohn . (969). But the reports upon a detailed and coordinated set of observations
recognition of the magnetosp heric dayside cusps [Heikk ila and for a few orbits in November 1971. This period was chosen
Winning hom. 1971; Frank and Ackers on , 197 1) or clef t  [He ik ’ because the orbit then had a suitable local time, the spacecraft
kila . 19721 came about through the observation of magneto- was in cartwhee l configuration for good measurements of local
sheathli ke plasma at low altitudes and high latitudes on the parameters , and the polar cap was reasonably dark for optical
eart h’s dayside. Subsequently, man y manifestations of this viewing.

dayside energy source have been identified and studied [ Vas’
y hiunas . 19741. Pronounced ionospheric characteristics are dc’ DATA AcQutsiTtoN

vated electron temperature [Brace and Miller , 1974 ) and F A brief description of the instruments and a list of relevant
region irregularities [Dyson and Winningham , 1974; Ahmed and re ferences has been given by Shepherd et a!. [1973]. For this
Sagalyn , 1973]. Whalen and Pike [1973] related the F region
irregula~’ity cone to t he occurrence of 6300-A emission , a direct study a period of cartw heel configuration was chosen (spin

indicator of incident low-energy electrons 
axis perpendicular to the orbit plane) in order to obtain the1’
best ion data. In this mode a complete scan about the velocity

The role of the cleft as an ionizatton source for the polar cap vector is obtained once every spin (roughly 18 s). In addition, a
is a topic of current study; Knudsen 119 741 discus,~ed the plausi-
bility of this in terms of the convection pattern in the polar complete pitc h angle scan is dbtained with the particle detec-

tors.
- ‘  

ca p. But a more recent study [Knudsen et al., 19751 suggestS As will be seen in the data , there is considerable fine strue-
that the ionospheric residence time in the cleft is too short to ture present in the local plasma. For this reason , caution
provide a significant effect. Whiuc ker [19761 has given a de- should be exercised in comparing the results from experiments
tai led review and thoroug h discussion of ionospheric c left which nominally measure the same parameter. For examp le.
effe cts.
________ 

both t he ion nass spectrometer (IMS) and the retarding po.
tential analyzer (RPA ) measure ion density, but since the

S Centre fuur Research in Experimental Space Science . York Unuver-
Sits Toronto . Ontario , Cana da sensors are located about 90° apart on the spacecraft , the

1 (‘ms mmunicat ions Research Centre . Ot taw a , Ontario. Canada ‘simultaneous ’ samp les analyzed are separated by about 5 s in
S.
- . ‘ Center for Space Sciences , University of Texas at Dallas , Richard- t ime and 35 km in space . For one instrument the data points

son . T enas 7501(2 are se parated by about 125 km. Thus what sometimes appears
‘Goddard Space Flig ht Center . Greenhelt , Maryland 2077 1. to be a discrepancy in the density profile obser vations alon g

Her,herg Astrophysical Inst i tute . National Research Council . Ot-
tawa . Ontar io C anada the spacecraft track is simply a measure of the fi ne-scale struc-

‘Physics Department . Unive rsrms of Calgary. Calgary. Alberta . ture of the am bient medium . This ia to be contrasted wit h the
(an ,s da . local density determinations provtded by the sounder, which, it

(‘ops rig h t ®  1976 by the A merican Geophysical Union is estimated , re present a measurement over a scale size of

6092
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that starts at 74 ss . The SPS shows its maximum energy flu x,
~,

__ ‘i
~ peaks. Th; most equátorward one near 76.3° invariant is the

broadest and is at the poleward limit of a keV flux continuum

2 ~‘ 

• centered at 0.7 keV in this feature. The three more poleward/ ~~~ • peaks extending to 78° arc narrower and more discrete, and
the SN shows that their average energy softens toward 0.2

istic of 16.5 hours magnetic local time, which is rather far into
keV with increasing latitude. The keV flux may be character-

) 

the afternoon to be classified as a cleft pass. No protons were
observed, which is also characteristic of the late afternoon
sector. The other orbits to be shown will be presented in order

£4 
- 

of increasing proximity to local magnetic noon.
Fig. I. Invariant polar projection. showing the spacecraft tracks The next frame, labeled SDR (sounder), shows the local

labeled by orbit number , for the orbits used in this study. The regions electron density obtained at 1400 km by the topside sounder; it
of cleft precip itation are shown by the th icken ed tracm is sharply peaked in its latitude distribution , not at t he center

of the cleft precipitation but at its poleward edge. 1° of latitude
away. The density enhancement in the vicinity of the cleft is

about I km and which are obtained alternately at intervals of about a factor of 3. The next lower frame, labeled IMS,
100 and 300 km. A furt her complication is that the existence of contains the ion mass spectrometer local ion densities, show.
sufficiently rapid local variat ion (which often occurs ) P~ ’ ing a marked O~ response over the entire region of energetic
eludes the reduction of the RPA current-voltage curves to electron energy input. Since the IMS has been intercalibrated
determine the ambient ion temperature . This lack of continu - against the SDR, the differences between the two are uncx-
ous (once per spacecraft rotation) ion temperature data should pected . Closer examination of individual data points shows
be considered in interpreting temperature differences in the that the single high point in the SDR local density was taken
various regions. close to an EPD (and SPS) flux peak , while the closest IMS

The two-dimensional mapping capability for the optical point was in the trough between two electron flux peaks. This
data is not available, since the scanning occurs repeatedly point will be discussed later. The 0 density drops sharp ly at
along the spacecraft track. The consequent high redundancy of the poleward cleft boundary, beyond which He becomes the
the data is used here to minimize the delay time between the dominant ion, with several times the density ofHv . Through-
acquisition of the optical data and the direct measurements out this region (the polar cap) the 0 is virtually absent, and
made at the spacecraft on the field line connected to the below the threshold of the IMS, a few ions per cubic centime-
emitt ing region. This is achieved simply by selecting optical ter. The thickened base line of this frame indicates the region
data from the single spin giving the minimum time delay for where polar wind flows of H ions are observed by the IMS to
the center of the cleft region. It was also possible to inspect be greater than I km/s. The flow is seen to occur throughout
adjacent spins to confirm that temporal variations were not the 0 enhancement region. The next lower frame (SDR)
significant. The individual optical data points are obtained at shows the electron densities measured at the F region peak and
45 Hz for the auroral scanning photometer (ASP) and 30 Hz indicates variatiohs of the order of 50% in the region of the
for’the red line photometer (RLP), and though they are con- cleft energy sour6e.
verted to equivalent spacecraft time for the plots shown, each The bottom frame contains the optical emission rates for the
is obtained in roughly I s of viewing time, so that it IS an 6300. and 5577-A lines, obtained from a single spin as de-
Instantaneous pattern that is presented. scribed earlier. Multiple peaks are evident, superimposed on a

background that rises in the equatorward direction in response
DATA PRESENTATtO N to local twilight. The most equatorward peak is strongest, at

Figure I is a polar plot in invariant coordinates, showing the 76.3° invariant. In it the 5577-A intensity exceeds that at 6300
paths of the Is is 2 spacecraft for the passes used in this study. A , and this corresponds wel l to the equatorward flux peak with
The extent of the cleft precipitation for each orbit is shown by average energy near 0.7 keV . The adjacent poleward peak has
the thickened portion along each path. The magnetic times for roughly equal 5577-A and 6300-A intensities and seems to
the cleft crossings vary within a range of a few hours following correspond to the narrow pair of electron flux peaks at 77.0°
local magnetic noon. invariant, which are unresolved in this viewing geometry. A

weak peak, sti ll further poleward at 77.8° invariant , corre-
Orbit 28/6 sponds to the very narrow 0.2-keV flux seen there. These

Figure 2 shows a composite of the results obtained from multi p le features appea r to be aurora l arcs , which are charac-
orbit 2816 on November 9. 1971, at 0947 UT. The top frame teristic of the late afternoon sector [Skep.berd ci al. . 19761.
shows the soft particle spectrometer (SN) electron data in the

Orbit 2827format described by Heilckila and Winninghant [19711. The
magnetic local time and invar iant latitude are shown along the This pass occurred November 10, 197 1. at 0638 UT and a
top of this frame, and the invariant latitude is hand lettered local magnetic time of 14 .5 hours; the composite data are
below for clarity. The second frame is from the l50-eV d cc- shown in Figure 3. As in orbit 2816. there is a lower-latitude
tron channel of the energetic particle detector (EPD) experi- keV flux continuum from 75.0° to 78.2° invariant , while the
ment. !t will be seen later that the cleft electron ene ,ies are discrete features extend as far as 79.6° . (Note the SN data
sometimes sufficiently low to be entirely below the threshold of absence due to command sequencing near 77 .4° .) The more
t his detector; comparison of this channel with the SN data poleward region of precipitation is characterized by narrow
thus gives a very sensitive indication of energy spectral discrete fluxes having average energies of ~0.2 keV , the two
changes. In this particular orbit the EPD channel has four flux most poleward features having energies below the EPD thresh.
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Fig. 2. Collected Isis 2 data for orbit 2816. November 9, 1971 , at 16.5 hours MLT. The universa l time shown at the
bottom is the time at which the spacecraft crossed the field line to which all data relate , and the spacecraft invariant latitude
is shown at the top. The top frame is an SN electron spectrogram where the vertical direction is energy and the trace
density indicates flux. The vertical bars extending over the whole energy range are sun pulses in the instrument. Successive
frames downward show data from the EPD I 50-eV channel, SDR local electron density, IMS, ion composition and regions
of H flow being indicated by the thick base line, SDR-measured F region peak density. RLP 6300-A measurements , and
ASP 5577-A data.
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Fig 3. Collected Isis 2 data for orbit 2827, November 10. 197 1 . at 14 .5 hours MLT. The sequence of short arrows in-
dicates t he times at which the EPD and SN were looking down the field line, The caption of Figure 2 applies to this figure
also 
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old. Both the SI’S and the EPD fluxes show periodic minima at in a narrow region just at the poleward cleft boundary. But a
about 18-s intervals due to scanning through the atmo- numerical model of topside dynamics(i. H. Whitteker , unpub.
spheric loss cone; the times of downward viewing are shown by lished manuscript , 1976) accounts for this behavior as adia-
the series of short vertical arrows in the figure. The small EPD batic heating of the ions when the poleward convecting topside
flux peaks poleward of 78.2° invariant arise from sunlight, and ionosphere collapses as a result of the drop in electron temper-
these ‘sun pulses’ are manifested in the SN spectrogram as ature when the convecting plasma leaves the region of precipi-
wea k vertical bars. A weak proton flux (not shown) ended at tation. Further in the polar cap, high values of about 3500°K
0640:45. at about the same time as the termination of the are observed. The RPA also indicated the presence of wavelike
electron flux . plasma structures from 0601:20 to 0603: Il UT (the region of

Again in this pass the SDR local density has an isolated precipitation) knd again at 0606:35 (ID the polar cap region of
peak densi ty about twice that shown by the IMS for which the high ion temperature). In the IMS data., Hc~ again becomes
0° density is again relatively uniform across the precipitation dominant poleward of the cleft, although O~ reappears in the
reg ion. The solid circle (the only point not visible as a discon- ion temp erature enhancement at 0606. Again, the H~ flows
ti nui ty in slope in the straight line connection of discrete points follow the O~ enhancement region.
used here) on the dashed curve just prior to the SDR peak is a The F region peak densities show a curious weak depression
second consistent high-density point, suggesting that the cx- in the cleft region. There are again two well-defined optical
planation offered before of a chance high flux coincidence may peaks, the equatorward one being more intense, at 2.5 kR of
be inadequate. In a stream of 5 X l0’° electrons cm 5 ~~‘i  of 6300-A emission. Unlike the two preceding orbits, it has the
l00-eV energy the number density is about IIY el cm ’. This is higher optical red/green ratio and appears to correspond to
only I order of magnitude below the ambient densities, and the the very narrow intense SN feature at 77.6° mentioned earlier,
ionospheric response to this charge input may involve electric which occurred when the SN was sampling pitch angles, 8,., in
fields and waves that affect the electron and ion measurements the downcoming (precipitating) loss cone. The poleward fea-
differently. In addition, the SDR samples a I-km region ture appears to correspond to the unresolved features at 78.2°
around the spacecraft and is therefore much more likely than and 78.7° .
the IMS to be within sampling range of one of the discrete flux -

reg ions. Orbit 2928

As in the previous example, the 0 drops sharply at the These data, obtained November 18, 197 1, at 0600 UT and
poleward boundary, with a slight tail extending to 83.0° in- shown in Figure 5, are dramatically different from the preced-
var iant in this case, beyond which He~ becomes the dominant ing examp les. They are taken closer to magnetic noon, at 13.8
ion. The ° flow shows a slight break near its equatorward hours, which may be a partial exp lanation. The flux measured
edge. The F region peak density has a significant response to by the SN is less structured and spreads over a broader
the largest EPD peak , which also coincides with the peaking of region, while the absence of any significant EPD response
a broad optical emission having a red/green ratio of about 4. shows that the energies involved are much lower. The weak
There is a narrow equatorward flux peak with a red/green proton flux terminates at 0602:30, at the same location as
ratio of 2.5 that coincides with the 0.7-keY flux peak at 77 .1° the electrons. There is a rising base line level in the 5-eV
invariant. The 6300-A emission is the stronger of the two at all threshold level that makes the electron energy appear higher
latitudes, and this reddening may be attributed to closer prox- than it actually is in the poleward region. The SDR local
imity to magnetic noon. density peaks at the poleward boundary, with much larger

densities present, about 4000 cm ” compared to typically 800
Orbit 28/4 cm ” in the previous examples. The precipitating energy flux

The data from this orbit , shown in Figure 4, were taken two does not have instantaneous values exceeding those of pre-
orbits prior to that of Figure 2. November 9, 197 1 . at 0600 UT vious orbits , about I erg cm -’ sr ’ s~~. The 0° response is
with a magnetic local time of 14 .1 hours. There is a keY flux simila. to the SDR response, risinggradually through the cleft
continuum present from 76.0° to 79 .00 invariant , with intense region and dropping abruptly at the poleward boundary, well
flux bursts at 79 40 , 78.9° , and 79.6° invariant extending in beyond the region of maximum energy input. The He and H

• energy from 0.1 to I keY . Equatorward of these bursts there densities (multiplied by 10 on the plot) are not much affected
are severa l others centered near 0.1 keV and one very narrow by this substantial increase in 0°. except that H° now exceeds
intense flux at 77.6° having energies from 5 to 100 eV , evident He , and the light ions are not dominant in the polar cap. The
only in the SPS spectrogram. A weak proton flux ended at H flows are found throughout the region with the maximum
0603:00 UT. Both the SDR density and the IMS 0~ density velocities at the poleward side, where the 0° concentration is
show a double-peaked response to these distinct regions of I- lowest. The F region densities may be affected by the energy

• keV precipitation (there is an SI’S data absence near the equa- input, though one cannot be certain. The optical responses are
torwar d peak), and the absolute density values agree as well, dramatic , with a feeble 5577- A response in contrast with a
This shows that the differences between the electron and ion 6300-A emission rate of about 4 kR above background. One
densities seen in other orbits do not arise from a consistent can still imagine a double-peaked structure with no green
error such as in calibration. It is also appropriate to note here component at all in the poleward peak and only a weak one in
that these apparent differences between electron and ion den- the equatorward features. The region of bright 6300-A emis-
s ities do not occur at lower latitudes; they are a polar cap sion has sharply defined boundaries, at 74.7° and 79.0° in-
phenomenon , variant , with an extension into the polar cap not seen on

For this orbit . RPA densities and temperatures were also earlier passes. The red/green ratio measured above back-
ava ilable and are shown Apart from the region near 79.00 ground appears to be about 8. All of this r consistent with a
t hese densities generally agree wit h the SDR densities, but t he dramatic softening of the total energy input, producing a large
temperature resu lts are surprising at first sight, showing va lues increase in 6300-A emission and much enhanced 0° densities
below 2000°K in the region of energy input and nearly 5000° K at the spacecraft. 
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Fig. 4. Collected Isis 2 data for orbit 2814. November 9. 197 1, at 14. 1 hours MLT. The caption of Figure 2 applies.

except that a frame of RPA data is added. The symbol T connected by a broken line ind icates ion temperatur e ; the solid
curve indicates RPA total ion density, which is compared with the SDR local electron density
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i-ig 5. Collected Isis 2 data for orbit 2928 . November 18 . 197 1 , at 13.8 hours MLT The caption of Figure 2 applies;
further data for this orbit are shown in Figure 6
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Fig. 7. Ion and electron currents measured by the Isis 2 RPA and
3O~~ CEP for 2 s  at 0600:18 UTon November 18 . 197 1 , showing the small.

L sca le structur e present in the plasma. The Current to the CEP (primar-
_____________________________________ 

il y electrons) is measured with the sweep voltage held constant at +4 V
0~ .-00 08.0? 08~~ 0806 0G~06 with respect to the spacecraft. Current to the RPA (primarily ions) is

L W V ERSAL T#AN (HR~MN) measure d with the retarding voltage sweeping at a rate very slow
Fig. 6. Further Isis 2 data from orbit 2928 (see Figure 5 also) compared to the scale times of the structure detected.

containing CEP measurements of electron density and temperature,
compared with RPA ion densities and temperatures.

spheric response to the precipitating electrons , as conjectured
for the apparent differences in SDR and. IMS densities . The

The electron densities at the spacecraft are sufficiently high fractional changes in density for the two species are noticeably
to permit electron temperature values to be obtained with the different, t he fluctuations in the ion current being larger than
cylindrical electrostatic probe (CEP). This was not possible in the corresponding fl uctuation in the electron current. This may
the orbits previously shown because the spacecraft was ‘- . be a further indication that the ion plasma was the driven, or
sunlight (producing photoelectrons) and the ionosphere was excited , component receiving its stimulus from the energetic
dark , y ielding low densities. The results are shown in Figure 6, electrons present in the reg ion. A more comp lete sur v c~ of the
along with those obtained from the RPA. Both the RPA and small-scale structures in the cleft region will be t he subject of a
the CEP show a sharp response in p lasma density about at separate s tud s .
0601 UT, at the center of the region of energy input. The RPA
densities are in accord with those obtained from the SDR and
the IMS. and apart from one high point at 0601:40, with the Orb,t 2916

CEP densities as well. The SDR electron density peaks at the This orbit , at 1 5.0 hours magnetic time, is show n here he.
same location as does the CEP-measured electron density, cause It has characteri s tics similar to those of orbit 2~2K , es en

t hough at a lower absolute value. The electron temperature though its magnetic time is similar to the times ol the first three
shows little variation poleward of the cleft , at about 3500°K , orbits presented . It was acquired on No.emher 1 7 . 1 9 7 1 . at
w hile the ion temperature shows a pronounced rise, to 0717 UT. and the data are shown in Figure K The SPS shows a

* 7000°K, poleward of the cleft, as seen before in orbit 2814 and fairl y compact region with energies be low 300 cV and with
exp lained as adiabatic collapse heating. little prominent structure. There is a weak EPI) response to

Fine structure in the plasma density is present sporadically ~ .790 invar iant and onls sun pulses thereafter The we ak pro-
during this pass. An example of the ‘wavelike structure is ton flux ends at 0718 20 UT somewhat before the electron flux
shown in Figure 7, which shows 2 s of data obtained simulta- disappears. The SDR local densit~ again is peake d near the
neously by the CEP and by the RPA. The lower curve is the poleward boundary and trails off far into the polar cap, to
current to the cylindrical probe when it was held at a constant 83.3 ° invariant , The 0’ peak from the IMS is a lso charpR
+4-V potential with respect to the spacecraft. The upper curve peaked with a density of about half that of the sounder In a
is the ion current observation from the RPA when the sweep fashion not inconsistent with the S[)R densities the 0 densii~
voltage change was not causing a significant change in the shows a smaller but significant (300 ions cm °) les e l up to
magnitude of the current. Some of the fine-scale structure is 83.3° invariant as wel l , su bstantial ls poleward of the poleward
present in the same phase relationship in the two signals. This boundary of precipitation. The characteristic rise of He ’ does
implies a modulation of the local plasma density (both ions not occur until this point is reached. The H’ f lows are found
and electrons) in both space and time. Note that some of the again throughout the region ofO’  en hancement . rhe j~ region
fine structure in the electron data has extremely sharp bound- density shows a pronounced cleft response in the same loca-
ar ies. appearing as diacontinuities in the current , whereas the lion as the local electron density peak. The 6300-A optical
corresponding boundaries in the ion data are often not so emission shows four distinct regions that can be identified wi th
sharp. The RPA instrument time response is adequate to fol- SI’S flux regions , t he equatorward component at 2 5 kR being
low the current changes as shown in the electron data. Thus the most intense. The spike of 5577-A emission cannot be
the differences are real and presumably arise from the iono- associated with a flux feature and appears to be transient.
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DI%(’t. ssio~ This does not app ear to be the case , because the times of 13.8

\ll of the data show n here were obtained by re lativel y low and 15.0 hours for the toward orbits overlap those of the away

levels ol’ geop hysical act iv it y .  from orbit 2916 (Kp = Oo) to orbits at 14 .1 , 14 .5, and 16.5 hours. On the other hand, if the
2~2K lA p = 2 - . the other three hav ing Kp values of I — . The effect of the IMF were to shift the convective pattern in local
.1 1. values order the orbits differently, from 29l6 (A E = 20) to time , then a shift of about I hour would remove the overlap.
2816 (.4t. 79) However , for orbit 2928 (AE 45) the AL~ 

This is consistent with the behavior described by Heppner
va lue w j s  261 some 2 hours earlier , so some of the distinct 119721, w here a dusk-to-dawn IMF (equivalent to toward)
characteristics o the pass may result fr om earlier substorm shifted the convective flow toward the aftern oon side in the
act s i t y .  nort hern hemis phere. ileelis et a!. 11976] have extended Hepp-

From the interp lanetar y magnetic field (I M F) data provided ncr ’s one-dimensional dawn-du sk measurements by obtaining
by King 119751 and Fairfield and %e~s 11974] one finds that the from the AE-C satellite two-dimensional ion flows near the
inter planetary h eld turned from toward to away at 14 hours on cleft. They also find a tendenc y for the flow within the polar
November 8 and has remain ed so until late on November 10, cap to be preferentiall y directed to either the morning side or
w hich includes the first three orbits presented, 28 16 , 2827 , and t he evening side in the five cases that they examined.
2814 . The following towards sector continued until November
22. w hich includes the last two orbits , 2928 and 2916. There C0N LUSIONS

are some data gaps in the intervals described, so t he boundary I. The electron energy spectrum varies dramatical l y over
cross ings identified do not meet the criteria of Wilcox et a!. t he latitude range of the cleft , w ith distinct components near
119751. but prov ided no rapid changes occurred, the identi- 0.7 keV and 0.2 keV . The 0.7-keV components tend to be on
fications given here should be valid, the equatorward side, w ith narrow discrete 0.2-keV flux re-

Thus the pronounced differences between the characteristics gions at the poleward boundary, b~ t he 0.2-key discrete
of the two groups of orbits and the consistency within each regions can also be contained within the region of more ener-
group suggest that the IM F influences the pattern of the cleft getic precipitation. The above pattern was observed during an
precipitation and t he behavior of the cleft ionosphere. For the IMF away sector , in w hich the region of cleft preci p’t ’t ion was
toward orbits the electron precipitation is of lower energy, a lso more confined in latitude and was below 80° invarIant.
exhibits less latitudinal structure extended over a broader re- During a toward sector the precipitating electrons were all
gion. and is located at a higher invariant latitude, extending close to 0.1 keV and formed a less structured pattern that was
poleward of 80° . (For orbit 2915 . not described here, t he flux broader in latitude and extended poleward of 80° invar iant.
extends to 83° invar iant.) The data analyzed here are rather 2 . The proton input is not a signi ficant energy source for
limited for such genera lized conclusions , but Titheridge [1976] the ionospheric characteristics described here.
ana lyze d a very large body of topside ionosphere data and 3. At 1400km the 0’ density is enhanced to a few hundred
conc luded that during toward sectors the cleft response is ions per cubic centimeter over the region of cleft precipitation ,
located at higher latitudes and is broader than during away and for an away sector it falls sharp ly at t he poleward bound-
sectors. For the away orbits described here the electron precip- ary. For a toward sector the 0 was observed inside the polar
itat ion is confined to a narrow latitude region, is highly struc- cap, well beyond the region of electron energy input. These
lured, and contains distinct regions of keV fluxes and 0.2-keY differences are attributed to convective flows parallel to and
electrons . In two of the three cases the 0.2-keV precipitation perpendicular to the auroral oval.
w as seen as narrow discrete flux regions on the poleward side 4 . For some data points the electron densities measured by
of the key precipitation , but in the other case a single intense the topside sounder are a factor of 2 or 3 larger than the 0’
5- to lOO-eV flux region appeared near the center of the keV densities measured nearby. This may be due to the pronounced
flux region. structure in the electron fluxes and the conse quent ionospheric

We cons ider now the differences in ionosp heric behavior, res ponse to the charge input combined with the larger sam-
For the away orbits the O density measured at 1400 km pling volume of the soun der. In the one case of very high
closely follows the electron precipitation, showing its rapid ionospheric densities the electron and ion densities were in

• upward diffusion above the region of production; it is also a agreement. The same ionospheric response may be responsible
* reg ion of strong upward H’ polar wind flow. It may be that for the plasma waves detected by the RPA and CEP.

t hese cleft-associated flows are related to those observed in the 5. Throughout the region of cleft 0’ enhancement , polar
plasma mantle (Rosenbauer a a!., 1975]. The 0’ disappears wind flows of H * exceeding I km/s are observed. These termi-
rapidly at the poleward boundary, implying the absence of nate at the poleward cleft boundary, where the 0’ vanishes
poleward convection , or more likely, convective flow parallel and He ’ becomes the dominant polar cap ion at 1400 km.
to the cleft , the existence of which has been shown by h’eelis a about three times more abundant than H ’  -

a!. (1976] and by Jeffries et a!. [19751. In orbit 2814 the rise in 6. The ion temperature rises at the poleward cleft bound-
ion temperature immediately at the poleward boundary sup- ary when the perpendicular convective flow is weak and rises
ports this idea of minimal convection perpendicule~ to the well beyond the boundary when the flow is rapid.
oval. The appearance of He’ as the dominant ion .n the polar 7. The 5577-A and 6300-A emissions are good indicators
cap is consistent with the lack of polar wind flow observed of the keV and eV fluxes, respectively. Frequently, a charac-
there for these orbits. This may be characteristic of the winter teristic double hump structure is evident , t he poleward one
polar cap. For the toward orbits the 0’ is clearl y seen well corresponding to the 0.2-keV electrons and the equatorward
poleward of the region of precipitation, consistent with a one having a red/green ratio nearer unity. But one optical
strong convective flow perpendicular to the oval. The rise in peak can correspond to more than one electron flux peak , and
ion temperature also occurs considerably poleward of the pre- additional weaker optical peaks are also observed. For the
cipitation region. toward sector , with strong 0.l-keV fluxes, the red/green ratio

Another possibility is that the convective effects described reached a value of 8.
are determined solely by proximity to local magnetic noon. 8. The F reg ion peak densit y showed little response to the
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Dependence of the Latitude of the Cleft on the Interp laneta ry Magnetic Field and
Substorm Activity

Y. KAMIDE. ”~
,3 J. L. BURCH,4 J. 0. WINNINGHAM,5 AND S- I.  A KASOFU i

The latitudinal motion of the cleft (the polar cusp) associated with the southward interp lanetary
magnetic field (IMF)and substorm act i v i t y is examined . The cleft location is identified on the basis of the
location of midday auroras and of electron precipitation (Ogo 4 and isis I sate llites). It is found that the
I MF and substorm activity control independently t he latitude of the cleft and that they can shift the cleft
location by 3° .-4’ under average conditions.

Several workers have presented clear evidence which in- ward IMF even without significant substorm activity. He sug-
dicates that there occurs an inward motion of the magneto- gested then that the IMF is more important than substorm
pause and t he accompany ing equatorward shift of the cleft activity in controlling the cleft location, although he noted also
(the polar cusp) during periods when the interp lanetary mag- that the scatter in his result might arise from substorm effects
net ic field (IMF) has a southward component [Fairfield. 1971; (Burch . 1974).
Russell et a!.. 1971; Burch . 1972, 1973; Yasuhara ci a!. . 1973; As a first step in examining this problem we examined the
Maezawa, 1974; Pik e ci a!. , 1974; and many others). Aubry ci equatorward shift of midday auroras over the South Pole
al. [19701 showed that following a southward turning of the station (—78 .5° , 360.00 in geomagnetic coordinates ) which
IMF at about 1 730 UT on March 27 , 1968, t he magnetopause occurred during periods of a reasonably steady IMF condi-
distance became smaller than that expected from the observed tion. An example is shown in Figure I; for details of the all-sk y
dynamical pressure of the solar wind. Moezawa (1974] con- camera installed at the South Pole station see Akasofu [1972a].
firmed statisticall y the dependence of the magnetopause posi- Dipole noon at this station is about 1600 UT.
tion on the polarity of the IMF, after eliminating the possible Figure I shows , from the top, the magnitude and the B,
effect of the solar wind pressure var iations. Fairfield and Ness component (in solar magnetospheric (SM ) coordinates) of the
(1970], Meng et a!. (1971], Nishida and Nagayama [1973], Caan IMF, t he superposed H component magnetic records along
et a!. [1973]. and Meng and Colbw’n [1974] have established the auroral zone in the dark sector , and the approximate
that a southward IMF is followed by an increase of the mag- location of the midday aucorat are which ta located clearest
net ic energy density in the lobes of the tail. Theoretical inter- to the equator. The height of the aurora was assumed to be
pretatlons of these observations have been given by Coroniti 130 km. The hourly Os: values are also shown. Note that
and Kennel [1973] and Kan and Akasofu [19741. the traveling time of the interplanetary signal to the earth

On the other hand, Pale! and Desskr (1966 ] and Meng is approximatel y 7 mm if the solar wind speed is assumed
[1970) showed that the magnetopause distance varies with to be 400 km/s.
geomagnet ic activity as well. Further , t he equatorward shift of The superposition of the H component traces indicates that
the day side auroral oval and the cleft has been found to be the first substorm took place when the IMF B, was fluctuating
corre lated with an increase of geomagnetic activity indices around the value of —4 ‘y. The onset time of the substorm was
(Fe!dsiein and Starkou . 1967; Butch, 1970; Chubb and Hicks, at about 1500 UT at the latest. At about the same time a fairly
1970; Winningham , 1972: McOiannid ci a!.. 1972]. A kasofu bright arc began to move equatorward over the South Pole.
(l972a] and Snyder ci a!. [1973] have shown that midday After 1530 UT, the westward electrojet (the negative H bay)
auroras and the ionospheric F layer irregularity zone move subsided very quickly. Coincident with this , the arc began to
equatorwar d (and poleward) ssmultaneously with the devel- shift back poleward. From 1640 UT the ehectrojet activity was
opment (and the decay) of substorms in the night sector. enhanced gradually until about 1900 UT. During this interval

It is thus of great interest to examine whether or not the an arc appeared near the poleward horizon and moved equa-
location of the cleft depends only on the north-south corn- torward. When the auroral ekctrojet was intensified at about
ponent of the IMF or on both the IMF and the substorm 1930 UT, the arc left the field of view of the all-sk y camera and
activity. If the latter is the case, it is important to examine reappeared at 2040 UT. The intensity of the IMF southward
quantitatively both dependences. The earlier studies cited component gradually decreased between 1700 and 2000 UT.
above are not conclusive in examining these problems. Butch The equatorward shift of the midday aurora in this particu.
(1972) showed that the boundary of the ‘soft ’ precipitation bar sequence of events is thus much more closely related to
zone (cleft ) moves equatorward during periods of the south- substorm activity than IMF changes. since the IMF B, corn-

ponent did not show any definite change during the first sub-
* Geophysical Institute. University 0r Alaska , Fairbarks . Alaska storm and even decreased during the second substorm. Thus it

9970 1 is of great interest to extend Burch’s Sudy in examining
Cooperative Institute for Research in Environmental Sciences, whether or not the I MF and substorm activity control m dc-

University of Colorado. Boulder. Colorado 80302. pendently the cleft location.
‘Guestwotker at Data Studies Division, NOAA/EDS /NGSDC.

Boulder, Colorado 80302. Ooo 4 AND Isis I DATA
• Magnetospheric and Plasma Physics Branch. NASA Marshall

Space Flight Center , Huntsville, Alabama 358 12. Butch (1973) showed that the cleft location can be deter-
• Institute of Physical Sciences, University of Texas at Dallas. Rich- mined mainly by the intensity and duration of the I MF south-

ardgon . Texas 75080. ward component. He demonstrated that the 45-mitt average
Copyright 8) 1976 by the American Geophysica l Union. va lue of the interplanetary B, predicts best the latitudes of the
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Fig I. The IMF (magnitude and B, component). the superposed H component magnetic records from four auroral
tone stations in the dark sector (Dixon Island. Cape Chelyuskin , Tix ie Bay. and Cape We llen). and the location of the
midday aurora observed at the South Pole station on July 27, 1970. The Dy : index is also shown.

poleward and equatorward boundaries of cleft with rms errors because for the upper boundary ( I )  it is more difficult to make
of 1 .34° and 1.160 . respectively. He has found also that the unambiguous identification of the precipitation boundary in
cleft latitudes were ordered much better using the B, va lue many cases , owing to the appearance of localized spikes or
rather than the 8(the latizude angle of the IMF). The purpose drizzle of precipitation into the polar cap [ Winningham and
of this section is to investigate furt her the accuracy with which Heikki!a , 1974 ), (2) the data sample number (21 samp les) is
the cleft location can be predicted based on the IMF and the too small , and (3) the fact that all the 12 passes for the south-
available geomagnetic activity indices, ward IMF took place during substorms makes separation of

Data. Full information concerning the Ogo 4 (altitude the IMF and substorm e ffects impossible.
400—900 km) auroral particle experiment and the electron data Details of the Isis I soft particle spectromeier can be found
used in determining the cleft is given by Hoffman and Evans in the work by Heikkila et a!. [19701. The method deriving the
(1968 ) and Butch (1973). respectively. From July to October in cleft boundary can be found in the work by Yasuhai’a ci a!.

1967 and 196$. 54 Ogo 4 passes were chosen, which occurred (1973). Data included in this paper were obtained between
in the 0900—1500 magnetic local time (MLT) sector. The delay February and July in 1969 in the 0800—1600 M LT period.

• time from the interplanetary observing position to the magne- The IMF data used here are recorded by Explorer 34 and
topause was less than 5 m m .  The invariant latitude of the cleft Explorer 35 for the Ogo 4 and Isis 1 data, respectively. To
was determined on the basis of electron data of energies 0.7, determine the delay time of the interplanetary signal to the
2,3 and 7.3 keY . Throughout this study we restrict our atten- magnetopause (which was assumed to be at X,.~ = $0 R~) in
tion to the lowe r (equatorward) boundary of the cleft . This is each case , available solar wind velocity measurements from
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Explorer 33. 34, or 35 were used. Substorm activity was mainly points A and B in Figures 2 and 3) occurred under unusual states
monitored by the AE index (Allen et a!.. 1973 , l974a. bJ. of the IME. The point A w as observed during an abnormally

Results. Figure 2 shows the relationship between the cleft large magnitude of the IMF (“- IS 
~~

), so t hat the correspond-
location (the lower latitude boundary) and the IMF B, corn- ing 8$M value of the IMF was only — 190 . The point B actua lly
ponent averaged for periods of 45 mm prior to the satellite occurred during a northward IMF time, a lthough the average
passes. B, value for 45 mm prior to the satellite pass was —2.43 7; a

The dashed curve in Figure 2 shows the relationship be- sudden northward turning of the IMF occurred about 20 mm
tween t he cleft latitude A (in degrees ) and B, (in gammas ) before the Ogo 4 pass. Both were observed during rather small

A = 755 + 0 53B —005B 2 substorms (maximum ALl = 280 and 310 ~ for A and B,
- ‘ respectively). These characteristic features indicate that both

which was obtained by a least squares quadratic fit to the data; the I MF and the substorm activity are related to the location
the rms deviation is 1.16° (Butch , 1973). This empirical equa- of the equatorward boundary of the cleft . A similar tendency is
tion predicts the latitude of the equatorward boundary of the found in the published data of electron and proton cleft precip-
cleft with an accuracy of better than 3° for —6 7 <B , <67 . 11 itation as determined from Isis I satellite ( Yasuhara ci a!..
can be seen that a systematic lowering of the cusp of about 50 1973].
occurs between B, = 0 and —6 

~~, 
whereas it moves poleward In Figure 3 the difference ~ A between the invariant latitudes

by on ly 1.5° for positive values up to +6 
~~

. of the observed cleft and the latitude expected purely from the
The points are grouped into quiet periods by open circles average B, of the IMF are plotted as a function of three

and substorm times by triangles. The division between the geomagnetic indices (AE , Kp, and Dsi):
qu iet and the substorm cases was made primarily by referring 

= A —

to the presence of a sharp increase of the AE index (i.e., a Os. • 0

decrease in the H component along the night side auroral where A Os, is the actual observed latitude and A 0 = 75.5 +
zone). We also checked carefully individual magnetograms in 0.53B, — 0.058,’. Generally, ~ A becomes more negative with
auroral latitudes and mid-latitudes. For the five points, how- the increase of geomagnetic activity. It correlates well with the
ever , it was not possible to determine from the available geo- AE index, except for the points A and B; the abnormal behav-
magnet ic records whether there occurred substorms or just ior of the IMF at those times was described earlier. It is
fluctuations. These points are represented by double circles in surprising that even the Kp index, which is a 3-hour interval
Figures 2 and 3. It is clear that almost all the points observed index, can predict the deviation of the cleft latitude from the
during substorms lie below the dashed curve, regardless of the level that is expected from the IMF B, alone. It should be
polarity of the I M F. In contrast, it is seen that the cleft during noted that there is a close relationship between the B, of the
quiet times is located at higher latitudes than the above empir- I M F and the A E [A rnoldy. 1971; Meng et a!., 1973]. Kp [Hirsh.
ical equation predicts. The cleft during substorms associated berg and Colburn. 1969], and Dst [Kane, 1974; Komide, 1974]
with the northward IMF is located almost at the same latitude indices. Thus it is not particularly surprising that the cleft
as it is during geomagnetically quiet period with the southward location depends on all these indices.
IMF. This feature can be seen particularly in the range of —3 Further, an attempt was made to determine statistical equa-
� B, � 2 

~~
, where the sample number for quiet times is almost torward boundary of the cleft on the basis of the two parame-

the same as that for substorm times. Exceptions (marked by tees, B, and AE. Measurements from polar-orbiting satellites.
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Fit. 2. Location of the equatorwa~d boundary A of day side (0900- 1500 hours MLT) cleft electron precipitation
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Fig. 3. Dependence of AA (the difference between the invariant latitude of the observed cleft and the latitude expected
purely from the average B,) on three geomagnetic activity indiccs (AE. Kp, and Dat).

.4

I
however, have an inherent drawback in that the determination the B, value (14.9 ~ 

= B, ~, 
— B, ,.

~~~
) for the 117 cases, that

of the deft position is obtained only once per orbit in the we have examined here, and the maximum AE value (900 -p’)
northern hemisphere. To overcome this difficulty, we have are represented with the same length. If the B, value is the only
added 63 points of the cleft precipitation boundary determined important factor in determining the cleft location regardless of
from Isis I satellite data. One must be cautious in combining substorm activity, these isolatitude lines should be vertical. It
the two acts of data (Ogo 4 and isis I), since the boundary can be seen from this statistical result that both the IMF and
determined by detectors for particles of different energies ‘may the substorm activity have a determining role for the latitude
have a slightly different meaning. A lso, som e error could of the deft and that both have about the same amount of
emerge from the determination of the 45-mm average 8, value, influence in terms of the lstitudyial shift in the range which we
sin~ce the interplanetary satellite (Explorer 33) was behind the have examined in this study (especially for the B, range less
earth (X,,M — 10 to —87 R,) during the measurements by than +3 ~

). There is also a tendency that for the northward
Isis I in 1969. IMF (8, > +3 ‘y)the cleft motion is more sensitive to the AE

The results are shown in Figure 4 by drawing the lines of index than for D, < + 3-,’. This is reflected in the lack o(st tong
equal letitudes A of the cleft location by a compater after dependence on the IMF as it becomes more northward, result-
plotting the observed values A on the 8.-AE diagram. The ing in a behavior dominated by the level of substorm activity.
seals of the horizonta) line (8, of the ZMF) and the vertical One should note, however, that the AE index is not most
scale (AD index value) ate given in such a way that the range of suitable for monitoring properly contracted oval substorms,’
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Fig, 4 Equivalue (of the latitude of the cleft ) contours as functions of the 45-m m average B, and the .4E index .
constructed on the basis of 11 7 observed values by the Ogo 4 and the Isis I satellites.

~s hich occur beyond the field of view of the A E stations gener- ship between the southward I M F and the AE index [cf. Ar-
all~ under northward IMF conditions [cf. Kamide and A/c a- no/dy. 1971; Meng et a!. , 19731. This paper. however , stres ses
sofu, 19 74]. that the cleft moves equatorward in conlunction with the oc-

currence of substorms even during a northward I MF period. It
DiscussioN is also shown that , even during extended periods of nearly

In this study sse have identified the separate roles of the I MF constant IMF, the substorm effects are particularly apparent
and substorm activity in controlling the latitude of the equa- such that time variations of the equatorward shift of the mid-
torward boundary of cleft electron precipitation. Although day aurora and those of the auroral electrojet in the midnight
periods of strong southward IMF have been observed to be sector are very similar (see Figure I).
assoc iated with very low latitude cleft locations even during It has generally been thought that the magnetosp heric sub-
quiet times, t he occurrence of substorms has been shown here storm is a manifestation of a suddenly enhanced reconnection
to add noticeabl y to this equatorward shift . Added to knowl- of magnetic flux in the magnetotail , returning the newly closed
edge of the interplanetary B, com ponent , a simple classifica- fluxes to the day side. Thus we would expect a poleward

.1 tion into quiet or substorm conditions improves considerably motion of the cleft during substorms. A kasofu (1972a ] showed.
the accuracy with which the cleft latitude can be predicted. however, that the equatorward drift of the cleft is well corre-

The role of the southward IMI- to initiate the net transfer of lated with a growth of negative bays along the auroral zone in
magnetic flux from the day side to the night side which is the midnight sector and that the subsequent poleward return
associated with the equatorward shift of the cleft has been of the cleft is correlated with the recovery of the negative bays.
discussed in the literature (e.g . Co. - ‘s and Kennd . 1973; Kan Thus the observed equatorward motion of the cleft does not
and Akasofu. 1974; Butch. 1973 1 It is thus reasonable to infer sean to agree with the above-mentioned concept of the sub-
that the efficiency of transfer of day side magnetic flux depends slcrm .
on the amount of the southward IME flux impinging on the There are at least two possibilities for this conflict. The first
magnetosphere, which is proportional to the dawn-dusk d cc- one is that durung a substorm there occurs a process which
tric field across the polar cap ~e.g.. Sonnentp, 1974). causes an equatorward motion of the cleft. Yasuhara cx

The present study indicates that the occurrence of magneto- (l975a) have recently shown that an enhancement of the S,’
spheri~ substorms also inflUences greatly the cleft location. (three-dimensional) current system during substorms can shift
Such a relationship between the cleft location and the AE may the cleft location equatorward by a few degrees. The S,~ cur-
not be unexpected, since there appears to be a genera l relation- rent system consists of a flow into the morning part of the
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The second possibility is that the cleft location does not during substorms . J. Geophy.s. Rca .. 75. 7032. 1970 .
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lonosonde Observations of the Northern Magnetosp heric Cleft
During December 1974 and January 1975

ci S. STII.FS ,i E. W . HONES, J R., 2 J. 0. Wl NNlNGI4~~~,
3 R. P. LF PPING ,4 A N D  B. S. DELANA 8

During December 1974 and January 1975 the northern magnetospheric cleft was monitored by
ionosondes at ( .Ipe Parry and S i c  hs Harbor , Northw est Territories , Canada , in support of rocket shots
nt,) the cleft lonograrns were taken nominall y at IS-m m intervals but as rapidly as two per minute

during times of particular interest. Analysis of 5 days of data show’ s the ionosphere at cleft latitudes to be
se ry comp lex and dynamic. The ionograms often show considerable structure and can change appearance
signif icantly in a minute or two. The cleft at times appears to move equator ward in response either to a
so uthw a rd turning of the interplanetary magnetic field or 10 the occurrence of geom ag nei ic disturbances.
t his response is in agreement w ith the conclusions of previous satellite studies. Behavior contrary to this
gcncr.ilita uion is not uncommon, howeser , and there fore it may not always hold on time scales consid-
erably shorter than the satellite orbital period of ~ I hour. The rate of the cleft ’s motion may vary from
-0.05 to —l ) .5 deg/min.

l\ rRoI)t (T 1ON detectors . The LASL-UAK experiments have been described
Since the initial discovery of the magnetospheric cleft by by Jej)r,es el a!. [1 97 5] .

satellite instrumentation [Heikkila ci a!,. 1970: Winning ham. A considerable amount of ground based data were taken in

1970; Heikki !a and Winningham . 1971; Frank . 1971; Frank and sup~’.c1rt of these flights to aid both in the location of the cleft
,4ckerson , 1971; Russell et a!. , 1971), considerable effort has and in the interpretation of the results, lonosondes were lo-

been devoted to the investi gation of this phenomenon (see cated at Cape Parry and Sachs Harbor (see Figure I) -  lono-

the summary by Vasy liunas [1974]). This work has shown that sondes have proven most useful in locating the projection of

t he plasma found in the cleft is very much like that seen t he cleft upon the ionosphere [Pike . 597 1, 1972; Winning hain

in the magnetosheath [e.g.. Winninghaxn , 1972), The location and Pike , 1972; Pike et a!, . 1974; Ungstrup ci a!.. 1975; Shep-

of the cleft has been found to respond both to changes in the herd ci a!.. 1976], lonograms were taken nominally at IS-mm

a interp lanetary magnetic field and to the occurrence of geomag- intervals; however , during periods of particular interest the
net ic disturbances [Burr!, , 1972; Kamide et a!,, 19761. Much of spacing was decreased to a minute or so,
the current study in this field is thus devoted to the relation Optical phenomena were also monitored. Photometers were

between the interplanetary and cleft magnetic fields and the installed at Cape Parry and Sachs Harbor, and an all-sk y
mechanism by w hich the magnetosheath plasma enters the camera w as located at Sachs Harbor, Some of the photometric

cleft observations during this period are described by Shepherd ci

During December 1974 and January 1975 two groups a!. [19761. Whalen and Pike [1973] had shown earlier that
launched rockets into the northern cleft in attempts to examine photometer measurements of 6300-A emissions may be used to

the particle populations . the magnetic field, and the convection determine the position of the cleft.

of plasma. The success of these experiments depended upon an Satellite data were used to check the ground-based measure-
accurate knowledge of the location of the cleft prior to the ments and to aid in the analysis of the results, The position of
launching of the rockets. Ground-based ionosondes were one the cleft was measured on several passes by the soft particle
of the techni ques used to mon itor the cleft ’s position, In this spectrometer (SPS) aboard Ists 2 [Heik k i!a and Winningham .
paper we describe t he results of an analysis of the ionograms 1971]. Defense Meteorological Satellite Program satellite
made in support of the rocket flights, photos Ie.g., Pike and Whalen , 1974) were used to monitor

The rockets were launched from Cape Parry, located on the auroral activity. The interplanetary magnetic field (IMF) and

Arct ic coast of Ca iada (Figure I). ‘Ihe December flights were solar wind velocity were measured by Imp 8 whenever that

organiaed by a C nadian group and concentrated on making satellite was suitably located . One of the principal goals of the

s optical and parti.l e measurements ; the initial results are re- present study was to investigate the relation between changes

ported b~ Shep herd ci al ((9761. The January ft~ghts were a in the IMF and the movement of the cleft , Earlier work (e.g,.

cooperative effort by the Los Alamos Scientific Laboratory Busch . 1972] indicates that the motion of the cleft is correlated

-~ (LASL) and the University of Alaska (UAK). Two rockets with changes in the z component of the IMF .

were launched whose primary purpose was to project barium RESULTS
ion clouds upward along the cleft field lines by means of
shaped exp losive charges. The rockets also carried particle Since the ionospheric manifestation of the cleft may be a

degree or more wide and since its poleward boundary may not
be sharply defined. ionosondes are most useful in tracking the

Center for Research in Aeronomy. Utah State University. Logan . position of the cleft when it is poleward of the sounder. Under
Utah 84322 these conditions , oblique echoes of the ionosonde radio signals

S ‘University of California. Los Alamos Scientific Laboratory. Lo~ 
from the cleft ’s relatively sharp equatorward boundary of

Alamos. New Mexico 87545. ionization will produce unique traces on the ionogram pro-
University of Te*as at Dallas. Richardson, Texas 75080. vided that the ckfl is not too distant (examples are given by

‘NASA Goddard Space Flight Center. Greenbelt, Mary land 20771.
‘Geophysical Institute, University of Alaska. College, Alaska 99701. Pike 11971, 1972], Pike ci a!. 11974], Ungairup et a!. [1975]. and

Shepherd e a!. (1976]). During the December and January
Copyright 1?) 1977 by the American Geophysical Union. period this condition was satisfied for 5 of the 7 days on which

Paper number 6A0690. 67
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IMF measurements were obtained by Imp 8. The discussion 2
below will be limited to ionograms made on those days. CAPE f’6RRY

We first examine two sequences of ionograms to give the
reader an idea of the type of data upon which the conclusions Fig. 3. lonograms for January II , 1975.

below are based. These sequences are intended to emp hasize
t he rapid and dramatic variations that can occur in the iono-
grams and to indicate the problems that may arise when one spreading and only a small amount of retardation at its high-

tries to deduce the position of the cleft, frequency end. Such irregularities are characteristic of the cleft

The first sequence (Figure 2) was made on December 6, and, w ith the presence of the obscured X and 0 traces , suggest

1974. from 2305 to 2325 UT, (The rocket flight described by that the equatorward boundary of the cleft is located close to

Shepherd ci a!. [1976] began at 2332:06 UT,) The Sachs Har- Sachs Harbor.

bor records do not show much change throughout this period. The Cape Parry records differ greatly from those made at

F here is some evidence of the normal X and 0 F layer traces , Sachs Harbor. At 2306 the Cape Parry 0 and X traces are

but the critical frequencies are not particularly well defined better defined. At this time the only evidence of the cleft at
(except at 23 15, where the second-order trace is fairly clean). Cape Parry is several horizontal features just above 5 MHz

Throughout most of t he records there is an irregular feature between about 390 and 510 km. As is explained in the work b~
extending past 5 MHz between 300 and 400 km that shows Pike [197 1, 1972], t hese returns are interpreted as being

oblique reflections from ionospheric features that are not di-
rect ly above the sounder. The closest feature is presumed to be

‘I ur sn ur ~,, t he equatorward edge of the cleft precipitation zone. The
800 measured height (—390 km for the closest feature ) thus gives

2306 _____________ 
400

-

~~~~~ 
2305 11400 the slant range along the oblique path to the edge of the cleft .200

0

___________ 

The actual altitude of the cleft must be assumed. Note that at
2309 23i0 2306, virtually no returns are visible between 300 and 400 km

_________ from —2 to —3.5 MHz.
In the next ionogram (2309 UT). however , there is a strong

23ii 23i5 oblique return (with retardation at its high- and low-frequency
ends) from the cleft between 2 and 5 MHz with a minimum

2315 2320 range of —360 km . It does not appear that this feature is the
result of a simp le equatorward motion of the cleft; the feature

__________ 
at 430 km (3,5 MHz) at 2306 actually seems to have moved

2313 
__________ 2328 .-~~~~~~ poleward (to —450 km) by 2309.

I By 23 11 there is a strong cleft return at — 3 15 k m .  There is a
I 2 5 ~~ MNa

SACHS N*~~OR hint of a return near this altitude at 2309, and it is not clear2341 1 w hether the strong return at 2309 has moved equatorward or
w hether a new feature has appeared. The short feature at — 3. 4

5 _________________________2320 MHz, —350km may be the remains of the strong trace at 2309 .r Throughout the remainder of the sequence the ionograms
continue to show rapid variations. At times there may be only

2523 one predominant trace (2313 , 300 km. 3 MHz. and 2320. 340
• I P~~I

a ~ 
km. 3 MHz), while minutes later several weaker cleft returns

CAPt 
~~~ may be detectable (2315 and 2323). (Note that the appearance

Fig. 2. lonograma from Cape Parry and Sacha Harbor for December of a strong sharp return at short range seems to preclude
6. 1974. observation o f weaker returns at longer ranges. ) The virtual
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4 Dec ~~ and 0) traces show considerable frequency spreading. At 0020

a broad trace extending from about 2. 7 MHz at 200 km to
Fig. 4 Ground magnetograms . interplanetary magnetic field, and about 5. 7 M Hz at 230 km may be seen; this may be an auroral

invariant latitude of the cleft for December 4. 1974. See text for E layer seen obliquely. Five minutes later this feature has
explanation. Magnetic local time is shown along the bottom, increased about 30 km in range. Note that the space between

200 and 300 km is almost filled at 3 MHz. At 0030 there are
heights of the returns may vary by several tens of kilometers two strong traces, one like the first feature at 0020 at 200 km
from record to record. It is difficult to account for these and another cleftlike trace near 260 km. A fainter trace may be
changes in height and appearance by assuming that the cleft as seen near 350 km.
a whole is simply moving latitudinally, 

. The Cape Parry records in this interval show , as in the
The second sequence of ionograms (Figure 3) was made just previous examp le, more var iation than do those from Sachs

prior to the second LASL-UAK barium release, which oc- Harbor. Throughout the sequence the X and 0 returns from
curred at 0032 UT on January II, 1975. As in Figure 2 the the normal F layer may be seen. The traces at — 300 and — 350
Sachs Harbor records indicate that the equatorward edge of

1 ,
~ 

the cleft is very close and possibly overhead, The F layer (X

It ioo ,4 1
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‘ [  TABLE 2. College A and Planetary kp Magnetic Actisi t~ Indices
K 00 7 I r— --- — ---- - -— ‘

H 
. 1 800—2100 2100—2400 0000-0300

LR 250 1 ! ~ 
- ~~~~~~~~~~~~~~~~~~~ Date LIT UT U I

~ “
~~~~

“ ‘7’ ~~~~~~~~ 
.- - 

Dccembcr4-5 . 1974 I, I 1.1 I . I
/ / \ . “- ‘ . December 6-7. 1974 0,0+ 0, I — 0. 2-

-‘ I \ “ ‘ ‘.. .., January 1—2 . 1975 1. 2 1,2— 0, 14( ‘.

~ 

“-.. January 9—lO . 1975 1 , 1— 0. 1+ 0,2—
uT 2100 2200 2 300 2400 oiO.’J 0200 January 10—l I . 1975 1, 04 0, I + 0.2

~~ ‘ F 
‘
~~ — - .~~ . K is the first number in each entry, and Kp i~ the second.

O~. --- 
~~~ ‘- ~~~~~~~~~~~~~ ,, 

- ——-.~--~ .~~-,‘1.w--

— 

SH grams from Kiruna (magnetic midnight —2100 UT) and
• i~~—-..-. .—.~~~ --—‘~~~~~~~~~ .. -~~~~~~ ~~~~~~~~~-- - ‘ -~~TtCP Leirvogur (magnetic midnight, — 0000 UT).

In the second panel is shown the z component (in solar
• . ‘ 

• magnetospheric coordinates, positive northward ) of the IMF.
~ C ~~~~  ‘ ‘ 

•
‘ “

~
‘ 
‘‘~~~~~“TT” These measurements arc 1 ,02-mm averages. The data show

- - —— -________ occasional gaps ofseveral minutes .The position ofthe satellite 
--—~~. . — . 

~~~~
—- is given in Table I. At all times of interest , Imp 8 was in the

1100 1200 300 i40(i 1500 MLT

~~~~ Jon 1975 solar wind.
The solid vertical lines drawn across the panels mark ap-

Fig . 8. January 10— I I. 1975. proximate times when L goes negative. The dashed vertical
lines are estimates of the times at which the changes in B~
should reach the nose of the magnetosphere if the associated
change in the total field vector is primarily a latitudinal one

km between 1.5 and 2.5 MHz, which show the same shape as and at approximately the fixed longitudinal direction of 135°
the 0 trace, are probably returns from a tilted F layer pole- (or 315°) and if this discontinuity (or gradient) moves radially
ward of the station and in the vicinity of the equatorward edge outward from the sun at — 450 km/s. (The longitudinal direc-
of the cleft , lion and the solar wind speed have been checked against the

The cleft returns in this sequence may be found between available data and faithfully apply to most events w ithin ac-
300 and — 500 km at (requenctes above (to the nght Of’) the X ceptable error limits.) Since we are limited to data from one

trace . At 0022 two cleft returns may be seen at 300 and 340 km. satellite, we obviously cannot determine with certainty the
Over the next S mm these returns change rapidly, It appears surface of the change in 8~; the dashed lines are intended only
that all the traces may be drifting poleward at a rate ( 0.5 as rough estimates.
km/s) sufficient to produce an increase in slant range of —20 The third panel gives the absolute location A~ in corrected
km/m m . Drifts of similar magnitude and direction have beefl geomagnet ic latitude of the equatorward edge of the cleft as
reported for the F layer plasma in the cleft [Knudsen. 1974] and determined by the method described below . The fourth panel
dayside auroral features ( Vorobjev ci a!.. 1975). Note again gives the deviation ~ A of the cleft from its expected position.
that at several times , multiple cleft like returns can be seen. The expected position, w hich is a function of magnetic local

Before proceeding with the discussion of the analysis of t ime, is a smoothed version of the results of Winningham
ionograms of this type we should summarize briefly their more [1972] and is shown as a solid line in the third panel. It may be
important characteristics , First, as is most obvious from the that Winningham’s curve should be shifted a degree or so to
examples, the appearance of the ionograms may change signif- higher latitudes [see Burch . 1972) because of seasonal varia-
icantly on a time scale of a minute or so; traces may appear tions. We are more interested in the motion of the cleft than in

f and disappear rapidly. Second, the ionograms from the two its absolute position, however , and the correction for diurnal
stations may differ greatly (this is due to the different positions var iations given by Winningham’s curve is considered ade-
of the two stations relative to the cleft and may reflect signifi- quate.
cant changes in the nature of the cleft over distances of ‘~~ 100 The latitude of the cleft is calculated from the measured
km). These factors greatly complicate the process of tracking range of the closest echo and an assumed altitude of 260 km
the cleft by simply measuring the slant range of apparently [see Pike ci a!.. 1974). All ionograms containing oblique
oblique returns, echoes are used. In the initial calculations a flat earth is as-j  The results of scaling the ionograms are shown in Figures sumed for convenience . The distance along the earth from the
4—8 At the top of each figure are shown nightside magneto- ionosonde to a point directly below the reflecting layer is

derived and then translated into degrees of latitude. This value
is then added to the invariant latitude of the ionosonde to give

TABI F I Position of Imp e in Solar Magnetosphenc Coordinates the location of the equatorward boundary of the cleft. The
invariant latitudes of the ionosonde stations are taken from

- 

Date ‘.R, •,deg 9,de* the 300-km alt i tude values of Evans et a!. (1969) (see Figure I).
December 4-5 , 1974 33.6 303.2 6.4 For the relatively small ranges of latitude involved (— 4 °) the
December 6-7 . 1974 27.6 2 1.3 42.9 usc of the flat earth approximation does not result in very large
January 1 2 , 197 5 31 2 M3.4 13.1 errors. The correction to the position of the cleft’s lower

~~~ ~ ‘ ‘ ~ boundary is less than 0.1° and approaches zero as the cleft
moves southward toward the monosondes. Since this error is 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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about a factor of 4 smaller than that introduced by t he uncer- it clear w h y ~ A goes negat ive again after 2230 . It may be t hat
tu inties in the measurements of the slant ranges, it ha~ not been the motion of the cleft from 22(K) to 2305 is related to os-
corrected in the f inal results. Uncertainties of ± 10 km in the ct llations in the position of the magnetopause , suc h as have
slant range and assumed altitude yield a spread of about ±0.4° been reported by. for examp le. Aubri ei a!. (1970) and derived
in the latitude. theoreticall y by Hoizer and Reid [1975] . The period in the

During thc December period of observation , periodic mea- present case (~ 30 m m )  is longer by a factor of 2 or more than
surements of the cleft location were also made by the Isis 2 the reported per iods, however.
sate llite. The satellite measurements are shown by solid The drop in ~ A at 2309 may be associated w t th  the sharp
tr iangles in the plots of A, for December 4 and December 6. change in B, at 23 13. Allowing for the assumed propagation
Absor ption prevented ionosonde measurements at the time of delay. ~ A t hus drops about 10 mm before the change in B,.
the December ’4 satellite crossing. Simultaneous measurements The inconsistency may be due to the fact that the satellite was
were obtained on December 6 and on another day later in the 18 R~ above the ecliptic plane and that the discontinuity was
mont h when I M E  data were not available. On these two in a plane other than that assumed. These circumstances may
occas ions the ionosoride and satellite measurements of the invalidate our simp le model for the propagation of changes in
cleft ’s position agreed to within 0.5° . 8,. Following this drop the cleft remains about 1.5° below its

Magnetic conditions during the observations arc shown in expected position and does not return poleward as it did
Table 2. The local K for College, a station near the magnetic following the decrease of 2200. This difference might be ac-
longitude of the ionosondes, is shown as well as the planetary counted for by t he fact that B, rema ins significantly sout hward
index Kp. after 23 13 , while it became more positive following the de-

crease at 2200.
December 4. /974 Since the geomagnetic activity is so low prior to 2345 . we

As is true throughout most of the periods to be covered, this assume t hat the motion of the cleft up to this time is due
time was fairly quite magneticall y (Figure 4). The College principally to changes in the IMF. On the other hand, from
magnetogram showed a small amount of activity at 2020. 2345 on. 8, rema ins southward , and one would not expect it to
2130. and 2350. Small positive bays (—50 -y) were recorded at be responsible for the equatorward motion of the cleft at 0015.
Leirvogur from 2220 to 2250 and at 2340. This motion may be associated with the weak geomagnetic

The : component of the IMF shows small fluctuations activity from — 2400 on.
t hroughout the period; these fluctuations are probably due to
waves propagat ing upstream from the bow shock (Heppner et J~~~ ary 1—2 . 1975
a!., 1967]. B, is mostly positive, but does turn significantly B, is relatively smooth on this day and exhibits three well-
negative from 2 128 to 2222 UT. defined southward turnings, one sharp drop at 2220 and two

The cleft measurements are unfortunately prevented by D significant zero crossings at —224 2 and 2355 (Figure 6). The
reg ion absorption of the ionosonde signals from 1900 and nightside magnetograms are again very quiet, but Leirvogur
2100. Just prior to 1900, 2sA is between + 1° and +2° . The cleft did record a sharp negative bay of < IOU y beginning at 0135.
remains most ly poleward of its expected position until -‘-2200, Although there is little magnetic activity and B, is north-
w hen it begins to move equatorward. This motion continues ward until —‘2240, the cleft is found equatorward of its cx-
until about 2240, w~ -:n th e equatorward edge comes to rest pected position throughout the period. The sharp drop in B,
over Sachs Harbor. Equatorward motion resumes at 2330, and near 2220 does not appear to provoke a response in A,, possi-
for the remainder of the period the equatorward edge was at bly because B, does not go very negative or because the cleft is
least as far south as Cape Parry. already somew hat equatorward. The cleft does move equa-

Because of the gap caused by the absorption it is difficult to torward at 2245. about 5 mm after the southward turning of
associate with certainty the equatorward motion of the cleft at B,. B, returns to positive values within several minutes, but ~ A
2200 with the southward turning of B, at 2128. The sudden remains at about — 1.5 ° for the ensuing hour. Why ~ X stays
equatorward movement of the cleft at 2330 is quite clear , depressed is not clear; there is only a very small amount of
however , and coincides (within the resolution available) with magnetic activity (~~H < SO ii) recorded on the nightside at
t he onset of the small positive bay at Leirvogur. this time,

When B, becomes negative again at 2355 , ~ X actually be-
December6— . I ~ comes more positive, in contrast to the earlier results. B,

At the time at which the IMF measurements begin. B, is remains near — I ~ throughout the rest of the period, but the
northward at about +4 ‘y and is slowly decreasing (Figure 5). cleft begins to move equatorward again at 0100. The cause of
Unfortunately, there is a large gap in the IMF data between this motion is also unclear; it may be simply an extreme

* 2100 and 2200. Ii is thus not possible to determine exactly example of the diurnal motion.
when B, first becomes negative.

The cleft first begins to move equatorward at about 2200 January 9—lU . /975

UT. possibly soon after B, goes negative. This motion contin- During this interval, 8, again shows evidence of upstream
ues until about 22 15, when both s~A and Ba become more wave s and does not exh ibi t artg well .define d sustain cd change s
positive. B, remains close to zero until 2313, when it turns in direction (Figure 7). 8, is positive throughout most of the
sharp ly south ward, Durin g this time the cleft first moves po1e- record. Aside from some small disturbances from --‘2100 to
ward, peaking at —2230. then moves equatorward until -‘-‘2250, -‘-‘2230. nightside magnetic activity is quiet.
and then moves poleward until 2309. when it moves sharply During the first hour the cleft is moving poleward. At 2200,
equatorward. ~A starts to become more negative , possibly in response to the

Because of the gap ii. the magnetic data it is not possible to geomagnetic activity occurring at that time. For the remainder
establish the timing between the initial equatorward motion of of the period the cleft remains a degree or so equatorward of
the cleft at 2200’snd the southward turning of the field. Nor is its expected position.
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Janituri /0— !! , /9 75 cleft ’s mot ion is less clear . The records suggest , however , t hat
B, is somewhat erratic but shows a fairly clean change in the cleft begins to move within 10 mm or so of the onset of

direction from northward to southward at about 2216 (~ igure 
activi ty. On January 10— Il . for example , the negative bay

8). Note that there is a sharp jump in B, at 2105; the College appeared at 2350, and the equatorward motion began at 2402 .
- magnetogram also shows a jump in H at the same time. Such . - -

changes in high-latitude magnetic records are often correlated 
Disc L.SsIoN

with changes in the IMF [Burch , 1972). This indicates th~it 
In the previous section we found evidence that the cleft may

there may be little propagation delay for the solar wind be- at times move equatorwar d in response to a southward turning
tween Imp 8 and the front of the magnetosphere. of the z component of the IMF and to the occurrence of

Leirvogur recorded a substorm beginning at about 2350; the geomagnetic disturbances. These events agree with the con-
negative bay peaked at — — 1 3 0  ‘y at 0020 and recovered by clusions of earlier work. Burch [1972, 1973) analyzed Ogo 4
0050. Small (<50 ‘~) fluctuations followed for the next hour. particle measurements and found that the equatorward
(Note that Leirvogur also detected the small jump at -.- 2105.) boundary of cleftlike precipitation moves to lower latitudes by

Prior to 2200. while B, > 0, t he cleft is seen to be moving severa l degrees during substorms and/or in the presence of
generally poleward. At 2215, close to the southward turning of negative B,. Pike a a!. [1974] monitored the cleft with an
B,, the cleft begins to move equatorward. This motion contin- a irborne ionosonde and found that the cleft typically moved
ues for about another hour. The average rate of the motion equatorward following a southward turning of 8,. Recently,
until 2315. when the cleft appears to reach an equilibrium, is Kamide et a!. [1976], combining the Ogo 4 and the Isis I data,
about 0.04°/mm . also found a tendency for the cleft to move equatorward with

From 2330 to 2400 the cleft appears to be drifting poleward southward 8, and the occurrence of substorms.
again. At about 2400, just after the onset of the negative bay at It is important to note that we also found several examples
Leirvogur , the cleft rapidly moves about 20 equatorward. For w here the motion of the cleft does not correspond to these
the remainder of the observation, ~ A remains negative, even results. The earlier investigations do provide convincing cvi-
though B, becomes more positive after 0100. dence that on the average , t he cleft moves equatorward in

response to increasing geomagnetic activity and southward B,.
Summary These conclusions are based largely upon satellite data , how-

There are eleven cases when the edge of the cleft shows ever , which provide no more than roughly one measurement of
significant equatorward motion. In agreement with the earlier the cleft ’s position per hour; the conclusions may not hold on a
work mentioned in the introduction it appears that the cleft time scale of several minutes.
responds both to changes in the polarity of B, (four cases: 2200 In the only previous work ( Pik e et a!. , 1974] in which the
and 2313 December 6, 2245 January I, and 2216 January 10) relation between 8, and the cleft’s position was studied with
and to the occurrence of geomagnet ic disturbances (two cases: high time resolution, it was concluded that the cleft responds
2332 December 4 and 2400 January 10). In 2 of the II cases to changes in B, after a delay of about IS m m .  Our results
t he motion of the cleft did not appear to be associated with suggest that when the cleft does respond, the delay may be as
either B, or a magnet ic disturbance (2230 December 6 and short as 10 mm
0100 January 2). In the remaining cases (2200 December 4, Burch 11972) gives an estimate of the rate at which the cleft
0015 December 7, and 2200 January 9) several factors pre- moves equatorward following a southward turning of B,. His
cluded forming even tentative conclusions, value of —0.1 °/min is based upon a single measurement of the

In examining eight cases where the cleft moves poleward we cleft’s position during each event (necessitated by the fact that
find only two (22 15 December 6 and 2130 January 10) that the data were taken by satellite). In this study, w here the
may be associated with 8, becoming more positive. Three measurements are ground based and may be made several
events occur w hen B, does not show any clear change (2250 times during each event , we have found that the cleft may
December 6, 2100—2140 January 9, and 2330—2400 January move equatorwar d as rapidly as — 0.5°/m m . However , t he rate
10). The January 10 event , which occurs while B, is negative, of motion may fall as low as —0.05°/mm .
may be associated with the onset of a negative bay; there is One of the goals of earlier efforts has been to obtain a
also a small amount of geomagnetic activity on January 9. The quant itative relation between the cleft ’s location and B,. Burch
rema ining three cases occur either while B, is positive and [1973]. for exam ple, derives from his data an expression for the
decreasing (1900 December 4 and 2030 December 6) or when it position of the cleft as a function of the average value of B,

is has turned southward (2400 January I). over t he previous 45 mm . Such an expression may agree fairly
The cleft appears to respond fairly rapidly to changes in the we ll with the average behavior of the cleft and those instances

.5 IMF. The records of December 6—7 , January 1—2 , and partic- where the cleft moves equatorward fairly slowly in response to
ularly January 10—I l indicate that the cleft may begin to move a southward turning. Since a 45-mm average of B, is used.
equatorwar d within 10 mm or less of the time when the change however , t he expression will not be able to account for those
in B, reaches the front of the magnetosphere. cases where the cleft moves a degree or two in only a few

The velocity of the equatorward motion , once it begins minutes (e.g , December 6—7 and January 10—Il) .  Nor will the
varies significantly. On December 6—7 and January 1—2 the expression account for those times when the movement of the
cleft moved equatorward at about 0.5°/mm . On December 4 cleft and 8, appear to be unrelated.
and January 10—Il the rate was less than 0.1°/m m . The variat ion in the response of the cleft implies that any

The duration of the motion also varied. When the motion scheme for predicting the cleft ’s position based upon a fixed
was faster (December 6—7 and January 1—2) , it ceased after length average of B, will not be accurate at all times. It is
about IS m m .  In those cases of slower motion (December 4 important to note that any theoretical description of the mech-
and January 10— I l)  it continued for about an hour, The total anism linking the IMF and the position of the cleft must be
change ~A for a single event varies from I to 3 deg. able to account for such variations. Such a description will

The temporal relation between geomagnetic activity and the apparently have to inc4ude ot her factors, including geomag.
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netic conditions [Aamide a a!. . 1976 ] and perhaps the state of Heikki l~, W J , and J [1 Winning ham . Penetration of magnetoshc ath
the ionosphere (Hoizer and Reid. 197 5].  plasma to low ~liiiudes through the dayside magnetosp heric cusps .

J Geup lt.i’ .i Re m . 76 . 883 . 197 1

5
*
. Ccis ~ i L5IONS AN1) S~.(.( ,~sTioNs Hetkk ila . W i. J. B Smith , i. Tarsirup, and 3 . 0. Winning ham. The

soft partide spectrometer in the Isis I satellite . Rer , Sc,. Intirum
We have reported the results of the anal ys is of 5 days of 4!. 1393, 1970.

ionogram data from two stations located in northern auroral Heppner . J P.. M Sugiura . I L. Skillman . B G. Ledley. and M
latitudes. The ionosp heric manifestation of the cleft has been Campbell. Ogo.A magnet ic held observations . J Geophys Res . 72 .

54 17 . 1967 .found to be very comp lex and dynamic. The returns frequently h olier. T I . and G. C. Reid , The response of the dayside magneto.
s how considerable structure and may change significantly in sphere-ionosphere sysiem to t ime-varying field line reconnection at
just a minute or IWO. the magnelopause. I , Theoretical model. J. Geoph.t- .i Res.. 80 . 204 1 .

A c lear relation between the position of the cleft and the 197 5.

IMF (or geomagnetic activity) has not emerged from the study jeffries, R A .  W H. Roach . E W . Hones. Jr.. F M . Wesco ti . H. C
Stc nbaek-Nicfs en , T N. Davis . and J D. W’ inning ham . T w o  barium

of this small samp le. Events have been found which agree with plasma injections into ihe northern magnetosp heric cleft , Geoph, i
ear lter conclusions that southward turnings of B, and geomag- Re.i Let! . 2. 285. 1975
net ic activity are associated with equatorward motion of the Kamide. V .. j . L Burch . J. D. Winnin gham , and S -I . Ak~sofu .
c left Other events , however , indicate that at times the motion Dependence of the latitude of the cleft on the interp lanetary mag-

netic field and subsiorm act ivity. J. Geoph.sm Rem . 81. 698 . 1976
may be contrary to that expected and may depend on other K nudsen . W . C . Magnetospheric convection and the high-latitude F,
causes, ionosphere. J Geop lmis Re.t - 79 . 1046. 1974.

The results do suggest that a program of taking ionograms Pike. C. P.. A latitudinal survey of the daytime polar F lay er . J
in high time resolution (spacing. ~ I m m )  would improve our Geophy .s Res - 76. 7745, 1971

knowledge of the factors that control the cleft’s position. The Pike. C. P.. Equatorward shift of the polar F layer irregularity tone as
a function of the Kp index . J Gi’ophrs .  Rem ., 77. 691 1. 1972.

c left has been found to change rapidly, and it may be that the Pike . C P . and j . A. Whalen . Satellite observations of aurora l sub-
key to its behavior will be found only when these rapid changes storms , J Geophi ’ .t Ret , 79 . 985. 1974.
are better understood. Pike , C. P.. C- I .  Meng. S -1. Akasofu . and J. A Whalen . Observed

correlations between interplanetary magnetic field variations and
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